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TRANSLATOR'S PREFACE 

The day is past when the importance of colloid-chemistry to 
the worker in the abstract or applied branches of science needs 
emphasis. The endeavor of the *'pure" chemist to reduce all 
substances to crystalloid form and from the knowledge of their 
behavior to resynthesize the phenomena of nature has been a 
good one, but the limitations of such a point of view have grown 
daily more apparent. It happens that nature has chosen the 
colloid form in which to show her face. Crystalloid behavior is 
the exception, colloid behavior the rule, in the cosmos. Whether 
we deal with the regions above the earth, as the color of sky, the 
formation of fogs, the precipitation of rain and snow, or with the 
earth itself in its muddied streams, its minerals and its soils, or 
with the molten materials that he under the earth, the problems 
of colloid-chemistry are more to the fore than have ever been the 
crystalloid ones. 

To the abstract thinker in science colloid-chemistry there- 
fore, because of its universality, represents the larger field. 
But the practical worker knows, too, that in a better knowledge 
of the properties of those very materials which the orthodox 
chemist has too often cast aside in his jellies, pastes and glues, is 
found the explanation of so much that interests him. Is it any 
wonder then that colloid-chemistry appeals to the agriculturalist, 
the metallurgist, the dealer in precious stones, the tanner of skins, 
the manufacturer of wood pulps and paper, the dyer, the his- 
tologist, the steel worker, the weaver of textiles, the smelter, the 
manufacturer of paints? 

Not only the inorganic world but the organic also has chosen 
the colloid realm in which to manifest itself. Living matter, 
whether of plants or animals, and under normal or pathological 
conditions, is chemistry in a colloid matrix; whence colloid- 
chemistry comes to concern every botanist and zoologist, the 
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vi translator's preface 

physiologist, the pathologist and the practical man in medicine 
and surgery. 

Under the circumstances, does this volume, known the world 
over as the authoritative and classical text, need an introduction 
to any of our people who think in the day's work? It can only 
socm somewhat strange that three large German editions and 
seven years were required before its first issue in the tongue of 
Thomas Graham and the brilliant modem group of English- 
speaking colloid-chemists. Wolfgang Ostwald's writings repre- 
sent in colloid-chemistry what those of Charles Gerhardt represent 
in organic, Justus Liebig in agricultural, and Wilhelm Ostwald 
in physical chemistry. 

Martin H. Fischer. 

KlCltnRKO LAnORATORY OF PHYSIOLOGY, 

UmvKisiTY or Cincinnati. 
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PRACTICAL INTRODUCTION 



I Identification of Colloid Systems by Elementary Methods 

iTIie Eletuenls of Qualitative Colloid-chemical Analysis) 

I. General Consideratioiis.^The teachings of colloid-chem- 
istty are by no means so familiar to all who encounter colloid 
substances in their scientific or practical work that the questions; 
"How can we recognize a coHoid?" or "When is a body said to 
be a colloid?" are no longer raised. These questions have often 
been put to me. not only by such men of science as physicists, 
physcfll chemists, physicians and mineralogists, but by technicians 
who for years perhaps have worked exclusively in such practical 
colloid problems as the manufacture of rubber. Even the organic 
and inorganic chemists frequently encounter phenomena, par- 
I'liiarly when they work with highly polymerized and liighly 
■ mplcs substances that remind them of what they know of the 
irjjx'fties of colloids, and which make them ask how they can de- 
temine quickly and simply whether colloid-chemical principles 
*iD help them in the solution of their problem or no. As a 
Mtin of fact I am of the opinion that such questions have not 
been asked frequently enough, say in organic chemistry, where 
'Uaniution of the colloid behavior of one and the same organic 
:lj'latice in different solvents would throw much light on the 

I'lTtics observed.' The youth of colloid-chemistry itself 

'ills such questions, and their discussion is by no means 

tcr useless or superfluous. 

\ii answer to the question: "How do we know when we 

JI lo mind the modem problem of ihe relation to each other in 
^ ft various kinds oi culor, chemical conGtitution, molecular state and char- 

I 03 studied by A. Hanuscb and iiis pupils. It seems to me that a 

II (dialytic or ultramicroscopic) examination of such variously colorecl 
Bmuld bnng light especially in those cases in which molecular H-cight deter- 
% bvc been esbausted without result. The failure of Beer's law governing 

irtioiMlily between thickness of layer and light absorption when applied to 
sd to jtolutioDs of dyes, of oxime salts, organic anuaooium salts (see chapter 
Bl properties in this volume) as welt as other facts seem to me to indicate that 
— VcoUotd-dietiucal investigations in this held will bring lo light as surprising 
hoiasdiil tlUM of J. Amun {Eoll.-Zdtsdir., 6, 135,7, 67 (1910) on the cuUoid and 
iliTMhiUlity of iodine in various solvents. 
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COLLOID-CHEMISTRY 



are dealing with a colloid?" would consist in a presentatioa 
the elementary properties and the experimentally observed be 
bavior of colloid substances. Such an analysis would constitui 
the elements of a qualitaiive colloid-chemical analysis. A pos^ 
method of procedure in attempting to discover the colloid natui 
of any substance is indicated in the following: 

2. The Colloid State is Independent of Chemical Composi1i< 
— At first sight one might hope to obtain information about th 
question under consideration by constructing a comprehensiv 
table of all the colloid substances or groups of substances ktutm 
As a matter of fact such attempts' have been made even recentij 
but never with the full approval of competent workers in 
field. It was soon noticed that we cannot speak of colloi 
substances in the same way as we (still) do of " liquid- crystalline 
or "radio-active" substances. We have been compelled to 
ognize that colloid properties are in no way coimected ^t 
substances of definite chemical composition to the end that (u 
certain elements or certain compounds, for example, appear', 
colloids. We can speak of "colloids" only as we speak of "ciJB 
tals," "amorphous" substances, "soluble and Insoluble" ml 
stances, or better still of "gaseous, liquid, and solid" substaoce 
All substances can appear as colloids under appropriate cOHdiUon\ 
This peculiarity of coUoid-chenustry, through which it thus pi 
sents itself not as a study of colloid substances but as a stm^ 
the colloid state, will be discussed in detail later. But it ia-- 
great importance for even an elementary characterization of oi 
loid substances to know that depending upon experimental CMl 
ditions one and the same chemical compound can appear eJUn 
as a colloid or as a non-colloid. 

Generally speaking, the knowledge of the chemical ci 
tion of a substance furnishes no trustworthy indication 
whether or not we are dealing with a colloid. Only om^ 
has thus far been deduced governing the relation between dn 
constitution and colloid state: The more complex chemi<aBy 
compound, the greater the probability that it is in a eolloid-i ' 
Thus most of the native proteins appear in a colloid state; 
the chemical composition of the original colloid, namely gdadn 
is so complex that we are still largely ignorant concerning it. 

* See, for examplci Koll.-Zeilschr.. 1. sj (1907). 
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Solid and liquid and even gaseous bodies may appear in the 
colloid stale.' The liquid colloids are the most numerous and 
the most important, and thus far have been most studied. 
Whenever we deal with the class properties of the colloids we 
therefore usually refer to these. 



^ I. EUEMEIiTARY GENERAL COLLOID ANALYSIS 

P^ 3. Chemically Homogeneous and Heterogeneous Liquids. — 
*W we wish to enquire into the possible colloid nature of a given 
liquid, it is well to decide first whether it is chemically homoge- 
nfous or citetnically heterogeneous. 

In an ideal case a chemically homogeneous liquid has the 

lowing properties: i. It is susceptible of hylotropic change, 

.Lt is, it can be evaporated or frozen without changing its com- 

-ilionat any time during the manipulation. 2. The hylotropic 

..nsformations take place within narrow limits of temperature 

! A pressure; there is only one boiling temperature -and one 

congelation temperature; we speak of melting and boiling points. 

Among further properties of an ideal hquid is to be mentioned 

the fact that the temperature coefficient of its molar surface energy ■ 

equals 2.12.' 

As is well known, there are a great number of substances, or- 
ganic Uquids, more particularly, which fulfill these requirements 
in pari only. They are the mixtures of isomeric, meiameric, and 
polymeric substances; to which we may add the so-called asso- 
ciated liquids. Even though all these liquids show the same 
elementary analysis in every state of aggregation, yet they can 
be separated by fractional distillation, for example, into parts 
having different boiling points; or, notwithstanding the analytic- 
ally identical composition of the liquid undergoing distillation 
and the distillate, it is noted that the former is not completely 
evaporated at any definite temperature. These facts are illu^ 
trated by the behavior of polynierized liquids such as styrol- 
mctastyrol. Again, as in associated liquids, the molar surface 
ea«rgy is found to be less than the normal. 

The following rule may be- stated regarding the relation of 

' See Cbtpler IIJ at this volume. 

' Sc* th« tettbook oT Wilh, Ostwald. Cirundr. d. aligem. Chemie, 4 .\u9., 1909 tor 
ruHion oi ihc fencral concepts of ph>-sical chemistTy employed here. 
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PRACTICAL INTRODUCTION ^ 

• 

in a heterogeneous liquid the second of the above possibilities 
can be disposed of most easily. Typical *^ mechanical sus- 
pensions'' of substances but slightly soluble in liquids, as sus- 
pensions of quartz, kaolin, or oil in water, are turbid in trans- 
mitted light, and their individual j^articles can be recognized 
under the microscope (though sometimes only with high magni- 
fications and special optical means). 

If no microscope is available, jiUraliou is the next simplest 
method by which a suspension can be recognized. Ordinar}' 
filter paper holds back particles having a diameter greater than 
about 5/*; a hardened filter (Schleicher and Schiill. Xo. 602 r.//.), 
those about 2/1 in diameter. Clay cylinders Imd the so-called 
Pukall filters which are frequently employed in bacteriology will 
even hold back particles about 0.4 to 0.2/i in diameter.^ The 
size of the particles in question can therefore be roughly measured 
by the employment of such differently permeable filters. When 
applied to emulsions^ that is, suspensi(ms of droplets in a liquid, 
filtration is successful only when the sus])ended droplets are not 
materially deformed during filtration. As the investigations of 
E.Hatschet-on the filtration of emulsions show, this dilTiculty does 
notappearif the dropletsare moderately viscous, asare thedroplets 
of castor oil or olive oil; or when their surfaces are in a condition 
which gives the droplets themselves sufficient stillness. Such 
stiflFne.ss mav result from the formation of thin elastic membranes 
about the droplets, of the nature of the well-known sai)onin or 
peptone films,* or it may be due- and this seems most important 
to the small size of the droplets with its accompanying increase 
in surface energy. As E. Hatschek has shown, it is often i)ossible 
to separate emulsions into their components by means of appro- 
priate filters. 

6. The Instability of Mechanical Suspensions.- Another 
characteristic of coarse suspensions of solid and liquid particles 
is their instability, that is their tendency to separate **sp<m- 
taneously" into their components. If we can exclude the sta- 
bilizing effects of additions of viscous substances such as gelatine. 
tragacanth, etc., as well as the peculiar ''protective action" <»f 

^For details regarding permeability and size of iK>rcs in vari()u> filler^ ^^.c 
U. Bechhold, Zdtschr. f. physik. Chem., 64, 343 (1908). 
' See the chapter on Adsorption Phenomena in Part Hi. 
*E. Hatschek, KoU.-Zeitschr., 6, 354 (1910); 7, 81 (iqio.). 
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nephclometers have been constructed for the more exact deter- 
mination of the degree of turbidity.' 

8. The Tyndall Phenomenon. — A far more delicate method 
o[ demonstrating the presence of a very fine turbidity lies in the 
use of the so-called Tyndall phenomenon. It is well known that 
wlien, for example, the air of a room is intensely illuminated, Bay 
.by sunlight, from one side only, dust particles are rendered visible 
which csnnot be seen when illumination is equal on all sides. This 
b the prototype of the so-called Tyndall phenomenon, the theory 
of which will be discussed later. Extraordinarily fine turbidities 
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rendered visible bj- such means; in fact this holds true to 
extent that special measures become necessary if we would 
forexample,anabsolutely"opticallyempty"' distilled water; 
distilled water regularly shows individual dust particles. 
eJcperiments can be best carried out where sunlight 
• darkcn(^d room are available. The phenomenon become 
illy evident if we but let a sharply deJined ray of light, 
a darkened room through a hole bored in the shutter 
Pot tinker forms of such apparatus see H. von Oettingen, Zeilschr. f. ph>'sitt. 
can., 31, t (iQoo); J. Friediandcr, ibid, 38, 430 uoo'l. 



<• * 'i* <•■! v'^ »' -i .'«. I /.'%•• '.'bk , 'a ..> ^? ••.'..'..Tk. ^' - •'-■--- .^ .9^ A. ■ 

• •■- • • " • 

A /->. 'wvx^y; ^s^^ f^f'u.iioiii. do not difu:e z: zll. A: :ke besi :n 
<. f'/ 4j v,'.«;t ^/tr^.m^. U^rj.fu:: '^kftn compir^.d •-.:>': :rr<f ?«r>tjri<7r 

•/. y,.fy4" -..n moUyuLar :olulion. 

,: .'•.:. '-/I tTi/'tt. a liqiji^l of hisrh sp)ecinc zraWty may 1 
'•// *'./>:. ::.f:tii\ if»rft: \l~A\ into the jelly, a small tube h: 
'. .'/; ».,*.'. y/.siyiti*' f,r ;i/ar rrj;jy he placerl mouth downward in 

'■• -•/,.,*»/,/, '///it;iirir/l in a -.erond larger vessel. The tube 
.'* "-//ff'\ ;iUf t a f'-7/ d;i.y-. and r.arefully washed when it also w 
.'//o 4.',/ j,ri' /lorn'fia that, have been described. If the liqu 
,'./:•/ ' /,if#iMijti'in I; lijdit Milorerl or colorless the test tube co 

..r..r.X '>»' ;/'l;itifM' or ;i;^ir i-v di[)[)erl for an instant into h 
»f.i*t ■', fli;»i thi- j*'lly .li|)-» out.. This is then di\'ided into sever 
.-.if * \ t,l I fjii.il .i/.r. and thr individual slices are examined analy 
i' ill/ \i,i till II Miiitriit of the Mibhtanc.e in question. 

fill, iiirijiod i. not )Miirrally applicable to the analysis 
i.ninl/nnl:, Hot wlirii iiiiiikrd (lurinical or colloid-chemical rea 
lion-, i.d r pl.iM* brtwrrn I he jelly and the liquid under examin 
lion I'lidn .mil i in iini^t.inrcs it is necessary to resort 

oIIhi iiirl liiiij . 

III. DiiilyMiK Kx|NTimonts. ih) Pialysis, a process closely i 
l.ili-d III ililhi .lull, drpt-nd . upon the fart that animal, plant, ai 
iiiiiliii.il tiii'iiilii.iiir . Iiniij baik sniistauces in colloid soluti^ 
\^llll^ ilir\ .illnw . lib. I. lilt r^ ill iiiolei ular solution to pass throuj 
I III ill wliniivri .th li .1 inriubriinr separates the liquid und 
I \>iiittn.iiiiiii htiiii tilt* )Miii- ili-*p(M'siiiii means (^the solvent). Pare 
nil III b.nv-. Mtt.dled diilii .loii ^.n s made in one piece (see Fig 
, Mill \\ \Mv\ ami h.li M.iiMeis. and arliluiallv prepared collo 
nil mill iiir . till III the mn.i lonNenieiit as well as the most fl 
• |ihiiil\ empliMeil i*i tlu-.e Die last-named are made by stic 
im- .1 l.iu'.e. well I le. Ill .III le-i tube into collodion dissolved 
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cations at times permits us to see the individual particles which , 
in their totality give rise to the light-cone. This is called ultra- \ 
micTOscopy. Since for ultramicroscopj' special apparatus and 
powerful sources of light are necessary which are by no means 
generally available, apd since the technique of ultramicroscopj' 
is by no means simple, we cannot further discuss the subject | 
in this elementary outline of colloid 
analysis. 

9. The Distinction of True from 
Colloid Solutions on the Basis of Their 
Mechanical Properties.- - 

B. Meiiianical Dijjirences.--Dijfu- 
sitni and dialysis experiments provide 
us with two further simple methods for 
distinguishing molecular- disperse (true) 
from colloid solutions. These might 
be called the "classical" methods for 
qualitative analysis of solutions, 
i it was by them that Thomas Gra- 
in 1861 first distinguished bc- 
the "states" of diiferent solu- 
I and thus intrnducwl ihc concept 
Old." 
I(ii) Di£usion Experiitifiili. Per- 
i the amplest and most conveiiittil 
fimental method of estimating thv 
« velocity of a dissolved substance 
. upon the fact that moder- 
concentrated jellies of gelatine. 
, offer only slight or no resi.s- 
to the diffusion of substances 
[gh them, as determined by com- 
lon with the diffusion of these s; 
Istances through the pure solvent, 
r such tests we prepare a 5 per cent, 
-'.■tatini;. or better a 2 per cent, agar solution, liij some ifst 
abcs about halfway with the hot solution, and allow it to con- 
-al. It is well to use gelatinizing substances that have been 
horouKhly washed and purified. The solution under exami- 




FiG. 1'. — [JilTuKion experi- 
ments H'ilh Rclotincgcls al end 
if 34 hours, (u) (Colloid; 
Congo red; (6) (molecularty 

dispersed) ssfranin. 
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tasionally we lind that a colloid "phase" will pass with a molec- 
ularly dissolved phase into the outer liquid. But this happens 
only at first. After the outer liquid has been renewed once or 
twice, no more of the colloid phase comes through. Sometimes 
a dissolved substance will penetrate a collodion sac when it is 
held back by the less porous parchment paper. In such cases we 
are evidently dealing with a "highly disperse" (finely divided) 
colloid, or to put it in another wa<', with a substance occupying a 
position midway between the colloid and molecular-disperse state. 

So-called ultrafilters are used for more exact delermi nations of 
the degree of subdivision, but they cannot be discussed here be- 
cause they are rather comple.x (see later). 

II. Transition Systems.— It will nearly always be possible to 
determine by one or more of the methods described whether a 
substance in solution is in the colloid or in the molecular-dis- 
perse state. At the same lime it must be admitted that we 
encounter cases in which one and the same liquid yields different 
results with different methods. Thus a pure Congo red shows only 
a faint Tyndall cone, yet it scarcely diffuses through parchment 
paper. Protein solutions behave in a simitar way in certain 
concentrations, etc. For a complete analysis it is therefore not 
only advisable but necessary to employ several methods. But 
even then it may occasionally be doubtful whether we arc dealing 
with a colloid or with a molecular-disperse solution. These cases 
constitute the extremely interesting Iransitianul types between 
the two kinds of solution. Their state can be completely analyzed 
only by application to them of the more refined methods of 
colloid and physical chemistry— uUramicroscopy, ultra filtration, 
molecular weight determination, etc. 



n. ELEMENTARY SPECIAL COLLOID ANALYSIS , 

12. Suspensoids and Emulsoids. — When one undvtt 
detailed work with substances in the colloid state one sooqf 
covers that the individual illustrations arrange themselvcf 
two classes of systems which differ markedly from each othei 
spite of the fact that all are possessed of the same general pj 

erties that we have already discussed. These two groups'! 

colloid solutions are the suspension colloids (susjjensoids) and 
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tlie emulsion colloids (emulsoids), or as thej' are also called, 

the lyaphohic (hydrophobic) and lyophilic (hydrophilic) colloids. 

The theoretical basis for such nomenclature will be discussed 

later. In passing, it should be noted that the two terminologies 

are not entirely synonymous, though for practical purposes they 

may be so regarded. When by the general methods previously 

liiscussed we have discovered that we are dealing with a colloid 

rilution we need next to determine whether it is a suspensoid 

r an cmulsoid. Of the many means of doing this we describe 

following because they are particularly characteristic and 

bplest in character. 

I 13. Viscosity. — The viscosity of a suspension colloid, par- 

ailarly in low concentration, is imp i;rceptibly greater than that 

£ the pure dispersion means (the pure solvent). In contra- 

iHCtioR, the viscosity of an emulsion colloid even in low con- 

ptration is much greater than that of its dispersion means; 

Mact at higher concentrations this becomes so great that the , 

bid solution assumes an oily or even a gelatinous consistency, , 

kther, the viscosity of an emulsion colloid generally increases 

ily with decrease in temperature which is not the case . 

suspension culloid. The simplest way of estimating 

mentally the viscosity of a colloid solution and its varia- 

, with temperature and concentration is to measure the 

ne of outilow of a constant volume of liquid from a standard 

.'lunietric (10 oc.J pipette. Roughly, the viscosity is inversely 

noportional to the time of outflow. 

14. Coagulation.— It is characteristic of colloid solutions that I 
! substance in colloid solution may be easily precipitated or 
igulatvii " through various agencies (see Figs. 5 and 6). Electro- 
such as neutral salts are particularly effective. The 
I colloids arc easily coagulated when minute quantitits 
, especially those having a polyvalent ion, are added lo them, 
! Ike emulsion colloids arc precipitated only after the addition 
ich larger quantities of sail. This is particularly true of 
iols, that is of colloids having water as the dispersion 
If, for example, aluminium sulphate {ordinary alum. 
i the same purpose) is selected as the coagulant, it is found ^ 
: almost all suspension colloids are precipitated by this as 
present in a J per cent, concentration. Much 
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hi([lier com;cnlriitions are necessary to precipitate the typical 
emulkioti colloids. In fact the coagulation of many emulsioo 
ix>lloli)« iti not brought about until the neutral salts have been 
Aflilri) li> the point of saturation. In making these qualitative 
ftnuh'kCN one nmsl not use salts of tiie heavy m«tais, for they 
(rr<|urn1iy prodm-c entirely abnormal coagulation effects. 

15. Influence of Concentration. — One will occasionally en- 
iuiiiilm' Instnncfs in which neither N-iscosity nor coagulation deter- 
ItilliittUmn will !>erve to distinguish clearly a suspension colloid 
Imm un rmuWon colloid. It is then advisable to compare with 
■Rill other rather dilute solutions of suspension colloids and 




rkittor cimciuitrated solutions of emulsion colloids. We ena 
hvrti t*lto ft nerics of interesting transitional types which ( 
ftCVUrntoly tiualyzed only through quantitative study. 1 
lUipciuuld or cmulsoid state is not a constant or integral pr<^ 
(■[ K ihi^niiijd substance, it is the result of a series of phyj 
dluiuUul viiriables which bring about a particular statt 
vkunilii^l nubstance. 

16. The Electric PropertieB of CoUoid8.~Col]oid solutil 
Unyv tt fhftraclerisiic electric behavior which explains mai 
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Ptheir peculiar properties. Most substances in colloid solution 
assume an electric charge toward their dispersion means, though 
the magnitude of this charge varies greatly. We are able to 
dislinguish between negatively and positively charged sub- 
stances in colloid solutions. The simplest method of determining 
with which of these we are dealing in a given case is to make use 
oi their tlifference in behavior (as noted by F. Fichter and_N. 
Sahlbohm) when they are subjected to capillary annlysis bymeans 





positi^il)' and negatively charged colloids. (According to 
iV. Sahlbom.) 

i^ans ascends the paper in alt tbeee expenmenti, but asshowD id 

If of tlic pbotograph. itie positivel>; charged colloids (metallic oxides) are 

d It once at tbe margin of immersion. The negatively charged colloids, 

Olher band, (gold, silver, arsenic sulphide, antimooy sulphide, Berlin blue, 

~i) ucend nith the dispersion means, being separated from its upper msTgiii 

' ■ kLoined area. 

paper. If the lower end of a strip of filter paper is im- 

in a colloid solution one of two things may happen de- 

Upon the character of tbe electric charge of the colloid; 

colloid carries a negative charge it wanders up the strip of 

along with its dispersion means. The colloid may rise to 

of 20 centimetres or more depending upon the kind ot 

used and the special properties of the colloid. If the 
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colloid carries a positive charge the dispersion means continues 
to rise to the normal height, but the colloid phase does not. It 
rises to a point but slightly above the level of the liquid in which 
the filter paper is immersed, becomes highly concentrated here 
and finally coagulates. Positi^■ely charged colloids may there- 
lore be separated from their dispersion means through the cap- 
illary action of strips of filter paper. The bchaWor is illustrated 
in the accompanying Fig. 7. taken from N. Sahlbohm. 

17. The Mutual Precipitation of Colloids.— Another means of 
determining quickly the character of the charge of a substance in 
colloid solution depends upon the fact that oppositely charged 
<olloids precipilait each other. If two typical test solutions are 
kept in stock (for example, a positive colloid such as ferric hy- 
droxide, and a negative colloid such as sulphur or arsenious sul- 
phide) the chaise of an unknon'n colloid may frequently be 
determined b}' ascertaining with which of the two solutions it yields 
a precipitate. The charge of the unknown colloid is then the 
opposite of that of the precipitating colloid the charge of which is 
known. This method is not. however, universally applicable 
Isee the section on coagulation of colloids). 

18. Electr(q)horeste. — The character of the charge of the 
colloid phase may be determined by noting the direction in which 
it moves when subjected to the action of an electric currait 
(migration in an electric field). To do this the colloid b poured 
into a U tube closed with corks and provided with platinum 
electrodes which dip into the solution. When a stronger current 
is not available, that from a few storage cells will frequently 
suffice to produce a movement of the colloid toward one or the 
other pole if only sufficient time be allowed. If the colloid wanders 
toward the anode it is negatively charged; if it wanders tOwaid 
the cathode it is positively charged. Disturbing secondary effects 
often enter into the behavior of a colloid when subjected lo tfae 
electric current, and so it is advisable to employ along with it the 
methods of colloid analysis already described. 

If the colloid under examination is colorless it may be necesswy 
lo call in the aid of simple analytical methods. 

iQ. Summary. — The following is an outline of the method* of 
qualitative colloid-chemical analysis discussed above. 
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THE GENERAL CONSTITUTION OF COLLOID SYSTEMS 

S2. The Colloids as Heterogeneous Systems 

I I. The Concept of Heterogeneity.— The typical colloids, more 
KTticularK the colloid solutions, belong to the group of systems 
FilcsigDated as polyphasic or heterogeneous by physical chemists. 
I Tkisis the broadest as well as the best established generalization 
j thus far derived from the study of colloid-chemistrj'. 

Bya phase is meant any homogeneous part of a system differ- 
I ot (roin other parts of the system and separated from these bj' 
'"f( transitions. Thus we distinguish a gaseous and a liquid 
'i^e in a closed vessel which is half filled with water; we obtain 
•"■ liquid phases when we mix water with carbon disulphide; 
''t ti'et a solid and a liquid phase when we shake up quartz ^usl 
>" water. Sudden changes, more particularly in physical proper- 
"f^. are encountered as a rule as we pass from one phase to 
■mother in these systems, or, to put it more simply, we recognize '" 
mat there exist boundaries or surfaces between them. These 
changes may be due either to the fad that the different phases 
possess totally different properties, or there may be simply a 
'luantitative difference in the properties possessed by each. We 
■'My therefore speak of different kinds and of different grades of 
' '^iTOgeneity. Thus two phases may be heterogeneous optically 
'" homogeneous electrically or thermally. It has further been 
"^iidthat, as a rule, more of the physical and physico-chemical 
'"I*rties of the different constituents of a system change at the 
''"'*so( contact when a solid phase and a liquid phase coexist 
' ^fi when two (non-misciblc) liquid phases coexist. Failure to 
"e the exact properties to which they referred in arguing for 
'■ heterogeneity of colltiid systems has undoubtedly been the 
■J^p of much misunderstanding in the discussion of this question. 
■ "lust also be remembered that the general constitution of 
^^WUtaty planes must tend to vary the more, the greater the 
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differences in the nature and the larger the number of the prqn 
erties which change abruptly at them. In this sense the surface 
where a liquid comes in contact with another liquid may be said to 
be less well defined than that where a liquid comes in contact 
with a solid. The importance of making such a distinction has 
repeatedly shown itself in the literature of colloid-chemistry as we " 
shall see later. 

2. Physical and Chemical Heterogeneity. — ^The relation be- 
tween chemical (analytical^ and physical heterogeneity is of 
especial importance for the exact characterization of the colloids 
as heterogeneous systems. It has been found that two spaHaUj 
dij^erefU parts of a sysietn having tlie same chemical composUUm 
(chemically homogeneous therefore), may physically show typical 
boundaries beturen them, in other words appear as different phases. 
In illustration of this fact we need but call to mind the attotropic 
modifications of the elements which may coexist for a long Hm^^ 
as in the case of sulphur. But compounds of the same composi- 
tion, particularly isomers and polymers, may also form hetero- 
geneous systems. Thus the solid particles of metastyrol may be 
suspended in liquid styrol; rubber may be "dissolved" in iao- 
prene, etc. It is even possible to have hylotropic phases (different 
states) of one and the same chemical substance coexist, thoni^ 
usually but temporarily. Thus water and steam, or water and 
ice mav coexist. 

It follows from all this that the spatial or other heterogeneity 
of the colloids is not connected with a chemical heterogeneity if 
by the latter is meant a difference in analytical composition. The 
existence of physical boundary planes in them can alone be regarded 
as characteri>tic of them. As a matter of fact we can Histinpiiiji 
between the different phases ha\ing the same chemical composi- 
tion in the illustrations instanced above not only by differences 
in their chemical reactivity, but by optical differences, by differ* 
ences in states of aggregation, etc.. in other words by their different 
**hody properties.'' 

But -uheuci'cr ice speak of (physically) heterogeneous systems W 
mean spatial combinations of coexisting phases. There are several 
types of these. Thus we have systems in which all the phases 
are liquid, others in which they are all solid, still others in which 
solid, liquid and gaseous phases are mixed. Heterogeneous sys- 
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tems composed of gases only cannot 1 
misdble with each other in all proporlio 



ng exist, for gases are 

i (see p. 43). 



§3. Colloids as Disperse Heterogeneous Systems 

Ordinarily the number of phases and their state of aggregation 
in a heterogeneous system can be determined by mere macroscopic 
examination. We need but to call to mind the above-mentioned 
examples of heterogeneous systems. The following two pecu- 
liarities serve to distinguish the colloid solutions from these 
m-icroheterogcneous systems. 

1. The Phases are in Contact with Each Other under Condi- 
tions which Permit of the Development of much Surface between 
Tbem. — First, the amount of the absolute surface with which the 
various phases are in contact with each other is very great. Second, 
and more important and characteristic is the fact that the magni- 
tude of the specific surface,'^ that is the quotient of the surface 
divided by the volume is extraordinarily great in colloid systems. 
This property may also be expressed by saying that there is a 
great concentration of surface in the unit volume. At first sight 
one might believe that the small size of the individual particles 
characterizes this class of heterogeneous systems. In fact we 
frequently speak of the great dispersion or subdivision of the 
phases. Nevertheless, it should be noted that it is only because a 
great number of such small particles exist in a relatively small 
volume that the peculiarities of such systems are produced, 
From this it should also be clear that it is not the absolute amotmt 
of surface which is of such importance as the relative or specific 
surface. 

2. The Phases are so Distributed within the System that 
Extemalty the Whole Appears Homogeneous. — Unless an ex- 
ceedingly small amount is studied, every fraction of a colloid 

don has the same average composition. This second pecu- 
f is evidently closely connected with that given above, for a 
f uniform distribution of the phases is made possible only 
QUgh the existence of a great specific surface. To express it in 
more exact terms, the uniformity of this distribution increases 
idth the degree of subdivision of the phases. 
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It should be eoiphasized that the first-mentioned property is 
more important and more characteristic of these bodies than the 
uniform distribution of the phases in space. It must be admitted 
that the conception of "colloid" or, more correctly speaking, of 
"colloid state" was developed in connection with the study of 
bodies belonging to the spatially homogeneous systems, that is tu 
say, in connection with the study of colloid solutions. But there 
are systems which also belong to the field of colloid-chemistry in 
which the phases are not uniformly distributed within each other. 
To the former systems belong, for example, bodies which are in 
the course of swelling or bodies which have attained their maxi- 
mum of swelling in the presence of an excess of the solution in 
which they are swelling. On the other hand, colloid solutions in 
the process of coagulating are systems which are losing thdi 
condition of spatial homogeneity. It is evident that processes of 
swelling tend toward the production of a spatially homogeneous 
system in the sense in which this term was used above. On the 
other hand, the process of coagulation arises in a homogeneous 
system. It is because these bodies have in their past been is, or 
tend in their future to assume, a spatially homogeneous condition 
that they belong to the class of systems here under discussion. 

It follows further from these considerations that the coUoid 
solutions occupy an intermediate position in colloid -chemisliy, 
and should always be meant when colloids in general are under 
discussion. Thomas Graham very expediently introduced the 
special name of sol for these spatially homogeneous systems. In 
contradistinction, systems in the course of passing to or froffl 1 
condition of spatial homogeneity he calls gels. 

Heterogeneous systems with the two peculiarities_ mentiu 
are known as disperse heterogeneous systems, as suggested 
Wolfgang Ostwald' or simply as "dispersoids," an abbrevifttioB 
proposed by P. P. von Weimarn." Theterm " microlieterogi 
systems, put forward by G. Bredig,' is synonymous with these. 
The broadest generalization resulting from the investigation of 
the colloids seems therefore to be the establishment of the fa^ 
that they are a part of the general class of the dispersoids, |i 

'Wo. Ostwald, KolL-Zeitschr., i, 291, m (1907). 
' P. P. von Weimarn, KoU.-Zritschr.. 3, j6 {1908). 
in a somewhat modified sense. 

' C. BrediK, Zeitschr. (. Elck troche m., la, 589 (1906). 
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Other words the colloid state of a substance is a special case of 
the dispersoid state. 

§4. The Disperse Phase and the Dispersion Means 

Detailed examination of a simple dispersoid, a suspension 
let us say, at once lets us recognize the fact that the two phases 
are geometrically or structurally different from each other. Most 
frequently one phase is composed of a great number of individual 
particles which are separated from each other. Because these 
particles have for the most part the same properties, we are 
accustomed to consider them as a whole and so to designate them 
as oHf phase. The individual particles of such a phase may 
approximate the spherical in form, but they may also bt crystal- 
line; further, they may be mobile or immobile. The second phase 
is usually continuous and lies between the particles, droplets or 
bubbles of the first phase. The first phase is therefore generallj" 
suspended in the second. As we must frequently distinguish 
Uj^etveen the two phases they have received special names. The 
f subdivided discontinuous phase is called the disperse phase: , 
: other continuous or "closed" phase is known as Xhe dispersion 
means.^ English writers are in the habit of calling the disperse 
phase the "internal phase," the dispersion means the "external 
phase." French investigators distinguish between the "micelles, 
granules coUoidaux" and the "milieu exterieur." 

This normal geometrical constitution may in some instances 

I've place to a more complex one depending particularly upon 
le behavior of the disperse phase. The disperse phase may 
pD be continuous and may then extend through the dispersion 
bans in the form of a reticulum or network. Such systems 
■ formed in the first stages of many processes of coagulation. 
Kdently when the disperse phase and the dispersion means bear 
>ach a relationship to each other the distinction between them 
!i=flppears; one can at best only designate the phase present in 
' xccss the dispersion means. 

Relations become more complex when heterogeneous systems 
with more than two phases are considered. In the more im-. 

Eld typical cases several disperse phases may exist in 
vald. KoU.-ZfUschr., 1, igi, 331 (i«J07)- 
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the form of spatially discrete particles in a common dispersion 
means. All reactions between colloids, like those of the immune 
bodies, take place in a common dispersion means. On the other 
hand, systems in which one of the disperse phases is continuous 
while another consists of individual particles are represented by 
membranes of colloid origin through which a colloid solutioa is 
being filtered, 

§5- Specific Surface in Dispersoids; Degree of Dispersion 

It has been stated that the chief characteristic of the dis- 
persoids is the great development of surface by their phases or 
the great value of their specific surface. It should now be noted 
that the following three kinds of specific surface may be dis- 
tinguished in a typical diphasic dispersoid: 

The absolute surface of the entire disperse phase 

The total volume of the disperee phase 

The absolute surface of the dispenion means 

The total volume ol the dispersion means 

The absolute surface of an iitdiBiduol particle of the disperse phase 

The volume of an indieiduai particle of the disperse phase 

The first-named specific surface is undoubtedly the 
characteristic of such a system. All three specific surfaces 
but two of them must, change in value whenever changes occur^ 
dispersoid, which are accompanied by changes of surface. Thu» 
if a suspension of quartz particles is diluted, only the two ^X&i- 
named specific surfaces change in value. In colloid systems, how- 
ever, the third specific surface or the size of the disperse particles' 
often also varies with the changes in concentration, as will iM 
shown later. As a rule all three specific surfaces are diminished 
in processes of coagulation. 

Let us now turn to a specific illustration of how great are 
the values of the absolute and the specific surfaces in a dispendUj^ 
and how quickly these \'alues increase with the progressive sab-i 
division of one of the phases. If we assume that the given vollitna 
undergoing subdivision has and maintains cubical dimensions 
then Table i iUustrates the increase in the total and 3[ 
volumes if the division takes place decimally. 
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Particles somewhat less than lo^i/i in diameter may be dis- 
^nguished optically by means of the ultramicroscope of H. 
Siedentopf and R. Zsigmondy. A cube of metallic gold subdivided 
up to the limit of ultramicroscopic visibility would therefore have 
a total surface of over 600 square meters and a specific surface of 
6.10*. Even at this point we begin to enter the sphere of molecular 
dimensions. Lobry de Bruyn and Wolffs for instance, calculated 
an approximate diameter of 5^1^ for the starch molecule. If a 
cubic centimeter of dry starch could be subdivided into its 
molecules, that is if it could be "dissolved" in the ordinary sense 
of the word, the starch would present a total surface of several 
thousand square meters toward the solvent. When we deal 
ith the molecular dimensions of gases and of substances in crystal- 
sohition, assuming for their average molecular diameter the 
of 1. 10'*, we obtain values of several hectares for i cubic 
centimeter of dissolved substance, Thus in roo cc, of a 10 per 
cent, sugar solution there would be an "internal surface" of about 
50 hectares when the smallest possible surface, the surface of a 
re, is assigned to the sugar molecule. Finally, if it is assumed 
ions and electrons are also separated through surfaces from 
dispersion means (and an electrical heterogeneity and the 
cristcnce of electrical surfaces must be postulated in these) the 
absolute and especially the specific surfaces attain enormous 
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It should further be noted that the increase in the surface 
of a cube with progressive subdivision may be expressed by 
the formula: 



in which -0 is the total surface in square centimeters, a. the 
lei^th of one edge in centimeters, and m*, the number of cubes. 
The original volume was taken as equal to i cc. (H. Mayer).' 

Since the unit of specific surface = < then if ii is taken as 

iccm 

equal to i, the calculated values obtained for surface represent at 

the same time the specific surface or the degree of dispersion,' 

The concept of specific surface may conveniently be replaced 
by the somewhat clearer one of "degree of dispersion." Thus 
we may say that the degree of dispersion increases greatly with 
progressive subdivision of a given phase, etc. 

As is well known, the surfaces of solid and liquid bodies of 
even ordinary dimensions already exhibit a whole series of peculiar 
phenomena, the intensity of which increases in direct proportion 
with the absolute and specific surfaces of the bodies. As examples 
might be mentioned the condensation of gases on solid surfaces, 
the manifold effects of surface tension in liquids, the fact that the 
majority of electrical phenomena appear at surfaces, etc. It 
should be remembered, however, that in such behavior the absolute 
surface is less responsible for these phenomena than the specific 
surface. Thus a few milligrams of platinum black have an eflfect 
upon an explosive gas mixture which is not equaled by that of 
several square meters of sheet platinum, for while they may ha\-e 
approximately equal absolttle surfaces the former has an enormously 
greater specific surface. We are dri%'en to conclude that all the 
phenomena observable at ordinary surfaces increase enormously 
in intensity and that they may even change qualitatively when we 
come to deal with dispersoids with their.immense interna! surfaces. 
There are also certain forms of energy that play an insignificant 
rfile in macroheterogeneous systems, but which play an enormous 
one in dispersoids. These are discussed in detail later. 



' H. Mayer, Koiloidchem. Brihefte, i, 6j (1909). 
' See also Wilh. Oatwald, Grundr. d. allg. Cbemic. j 
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^. Classification of the Dispersoids According to Their Degree ' 
of Dispersion 

I. Classification of Zsigmondy. — It is evident that either the 1 
degree of dispersion or the number of phases in a system may be 
used for classifying the dispersoids. The mere number of phases 
is relatively unimportant as a means of classification, for the 
majority of the dispersoids and of the colloids in particular are 
either diphasic or triphasic. Classification on the basis of the 
degree of subdivision permits of finer distinctions. 

R. Zsigmondy' has developed a classification on this basis. 
According to Jiim the field of colloid- chemistry occupies a middle 
position among the dispersoids thus far known. Particles about 
o.ifi in diameter, that is, particles with a specific surface of about 
6. to* (see Fig. 8), are stated by R. Zsigmondy to represent the 
/ouvr limit of dispersion. The size of such particles is about that 
of the particles in emulsions and suspensions which no longer 
lUndergo separation. The value o.jfi about represents the limit 
microscopic visibihty. According to Zsigmondy the field of 
id-chemistry begins with particles of this size and extends 
to particles about i^^ in size, that is, to such as have a specific 
face or degree of dispersion of about 6.io", assuming that the 
ides are cubiform. The value iji^ is somewhat less than the 
diameter of the smallest particles hitherto observed by ultramicro- 
scopic means (about 6iiii). On this basis of classification the 
ooUoids represent dispersions of a magnitude varying between 
and 6.io". 
'H. Siedentopf- and R. Zsigmondy' have proposed a nomen- 
:re for the individual particles of typical dispersoids which is 
based upon their degree of dispersion. Particles \'isible under the 
microscope are termed "microns." while those which can be 
only by the application of ultramicroscopic methods are 
*sitbmicrons" or ''uUratnicrotis.^' The disperse phase of 
solutions would therefore be made up of submicrons 
Lcrons). It can be shown in several ways that particles 
whose size we know to be beyond that of ultramicro- 
lic visibihty. The>- must therefore be less than ip,u in 

BR. Zuginondy, Zur ErkenntniE der Kulloide, u, Jena, 1905. 

FU. Sedoitopf . Berl. klin. Woch., Nr. 31, (1904). 

VR. Zii^mondy. Zur Brkennlnisder Kolloide. S7, JcDa, 1905. 
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diameter. These particles to which molecules and the products 
of their dissociation belong, are called "amicrons." 

The accompanying Fig. 8 (based chiefly on the data of 
R, Zsigmondy) is designed to illustrate approximately the rda- 




FlG, 8. — Comparison of particles of different size. 

Tlie large circle corresponds to the diameter of a human red blood corpiude 
(about 7.5 ji); ibe Urge t»iitagoa to that of a rice starch granule of medium abe 
(about 7.0 fi). The particles enclosed in the frame are, in comparison with the rest 
nt the figure, enlarged 333 times. 

The figure has been constructed from data and tables given in Ji. Zsigmmiji 
(Zur Erkenntnis der Kolloide. Jena. 1005). The valuer for the mastic s' ' 

are taken from /. Pfrrin's studies [Kolloidchem. Beiheftc :, lit ((oioij. 



tive sizes of the particles in typical dispersoids which have been 
the object of study. According to this diagram human blood 
corpuscles, starch granules, kaolin, and mastix parliclfs would be 
microns, gold particles would be submicrons, while the finest gdki 
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particles, starch molecules, etc., which cannot be made out ultra- 
microscopicalJy would be amicrons. 

It seems of interest to give here the estimated diameters of a 
number of molecules. The smallest molecule seems to be that 
of hydrogen gas, 0.067 ^^ 0'i59f/*; water vapor has a molecular 
diameter approximating o.iij^x/j; carbon dioxide one of about 
o.2&$|i^,^ etc. Different methods of calculation yield different 
values, yet all approach the magnitude o.i^^ or i.io~* cm. The 
molecular diameters of hydrated ions have recently been measured 
in several ways." The molecular diameter of NaCl was found to 
be 0.26/1*1; that of sugar, 0.7^^, etc. 

2. Classification of Dispersoids According to Their Degree of 
Dispersion. — It follows from Zsigmondy's classification that 
dispersoids ha\-ing a very small or a very high degree of dispersion 
do not belong to the systems to be specially considered in this book. 
Such dispersoids should have special names. Dispersoids with a 
degree of dispersion of less than 6.10^, that is microscopic sus- 
pensions, emulsions, and foams, might be called "true or coarse 
dispersions," while dispersoids with a degree of dispersion higher 
than 6.10' might be termed" molecular ilispcrsoids." Roughly, the 
molecular dispersoids correspond mth Thomas Graham's " crystal- 
loids." As this term is based upon a property which need scarcely 
determine the degree of dispersion it is not as free from objec- 
tion as that which I suggest. Since molecules may dissociate into 
smaller particles, into ions, we obtain systems which may be 
designated as "ionically disperse" or m ^' ionic dispersoids," as 
suggested by The Svedberg.' It should be remembered, how- 
ever, that ions are by no means always the products of dissociated 
molecules, and especially is this not true if such appear in colloid 
solutions. Such ions need not therefore have a higher degree of 
dispersion than the colloid particles themselves. This will be 
issed later in the section on the electrochemistry of the 

't has further been found that the specific surface of the 

Ihae figures arc token from a tabic on p. 64 of the excellent publication of 
'le^eabuig, Die cxper. Crutidlegunij der Atomistik, Jena, J910. The various 
_IhI» Oi calculation may also be found there, 

Sm, for exaroplc. the jummarics of G. H. Washburn, Jahrb. d. Radioaktivitit, 

■. d. koll. Losungen. Nov. Act. R. Soc. Scieol. 
Scr. IV, U, I (1907). 
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colloids may vary within the limits calculated by Zsigmondy, 
that is to say, between 6.10^ and 6.10'. We may therefore 
expect to find that coUoid solutions contain particles of different 
sizes. Experimental study has confirmed this expectation. Not 
only have different colloids very different degrees of dispersion, 
but one and the same substance may exist in different degrees of 
subdivision in a given dispersion means. As an example may be 
cited a series of carefully studied aqueous gold dispersoids in 
vestigated by R. Zsigmondy.' 



— Aqueovis Gold Disi-ei 



t DjFFEKBST DECK£ES Or DlSPBRStOM 



.Vui;" Rose. .\bout 

Atiu Bright red Alioiil 

Aiitr Bright ted 

.\ui-' Bright tvd — . 

Au,,- Violet red About 

.\un' Violet red 

.\ui Purple red 38.0 1 

Gold luspension a.. ....... Violet red ....,,,. 45-D^ 

Gold suspension A Bright red 

Gold suspension « Bluish, 

• Tije designations are those of Zsigmondy (I.e.). 

Zsigmondy and other investigators have prepared gold dift- 
persoids in which the size of the particles could not be detennined. 
They must therefore have been smaller than 6^^. 

This variability in the degree of dispersion uiUtin the liinits 
characteristic of coUoid solutions has been recognized in the 
literature of colloid-chemistry by distinguishing between sub- 
stances having a "strong or a u'cuk colloidalily," and different 
"degrees of collaidaltty." Substances have also been designated 
as systems "slightly, inkrmedial^ly. highly, or completely colUnd," 
or "coarsely disperse, finely disperse,^' etc. The term highly 
colloid is synonymous with highly disperse, etc. It is also at 
times advisable to distinguish between super molecularly-dtspers^ 
phases (as in the case of ions) and submoUcularly-disptu 
phases. 

' R. Zsigmondy, Zur lirkenntnis A. Kulloidu, T04, Ji 
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The following outline gives graphically a classification of the 

dispersoids according to their degree of dispersion. 

DISPERSOIDS 



Truew ccorae dUpeisions Colloid solutions. Uolecukr and supermo- 

liuapensions, cmulsioDS, lecular dispersoids (solu- 

ftc.). toids).' 

Sin ol ihc particles of the Size of the particles of the Size o( the particles of the 

iisftnt phase greater disperse phase betveen disperse phase about tmi 



Specific surface < 6.i< 






irlfss. 



Specific surface between Specific surface > 6.i< 



Colloidal] ty decreases 



P Degree of DispersioD increases 

P. P. von Weiniarn^ has repeatedly emphasized that the 
jo-called "supersaturated solutions" (in which we are justified in 
assuming the existence of larger molecular aggregates) occupy a 
position between the colloid and the molecular-disperse systems. 
"ut there seems to be no reason for believing as von Weimam 
■ines that supersaturated solutions always represent transitions 
'tween colloid and raolecular-disperse systems; or for believing 
'lial such transition types must appear every time we pass from a 
^^ degree of dispersion to a lower one or vice versa. The con- 
«pt of supetsaturation embodies in itself no information regarding 
degree of dispersion which alone is the criterion for the type of 
Ij-afication here under consideration. Supersatuiation consti- 

' Tiot name was proposed by P. P. von Weimam, Koll.-Zcltschr., 7, 153 (1910). 
■• ilwild be noted that von Wei niam wishes the terms "coUoid," "colloid solution," 
l^imdcd and replaced by the more general terms "dispetsoid," " dispersed solu- 
Itin," etc., while the term "colloid chemistry" is to be replaced by "dispersoid 
d(nittt7." ^ i^itt of the fact that I was the first to propose the e.itension of the 
•Wj o( the colloids to that of the disperse systems and first suggested a suitable 
Ktvindature, yet, for obvious reasons I do not deem it advisable to eliminate the 
<W of tlie term "coUoid." Even the fact that the word "coUoid" originally 
bd a diflerent mearung, namely, a more special one than it now hag, does not justify 
<b propoted measure. The word "molecule," for example, has not disappeared 
'toil science even though its exact meaning has changed frequently and consider- 
<Uf. A dispersoid chemistry, in other words, a chemistry dealing with disperse 
<;iicnu of all degrees of dispersion, does of course exist. Nevertheless, persistence 
is^euHol the term coUoid lot at least that portion of tliis more general sdcnce with 
*lAdi this worlc deals seems to be justified on historical and other grounds. See my 
pnlice to the second edition of this work. 

'S« P. P. von Weimam, Koll.-Zeitschr., 6, 179 (iQio); and for greater details 
toQetdcbcm. Beihefte, i, 331 (1910). 
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tutes a possible but not the sole means of preparing submolecular 
dispersoids. Such may be prepared by " direct methods of 
dispersion." 

3. Defects of this Principle of Classification. — The following 
should be noted regarding the classification of the dispersoids 
according to their degree of dispersion. 

The degree of dispersion is manifestly a continuously variable 
quantity, and so it is self-evident that it may have any possible 
value between the extremes which characterize individual classes 
of dispersoids. As a matter of fact, transitional values betweer 
those which characterize the field of colloid solutions and those 
which characterize the molecular dispersoids, or between those ol 
the former and those of the coarse dispersions are not only con- 
ceivable but have been demonstrated experimentally. The exist- 
ence of transitional values may be deduced from Table 2, for at 
its top are gold dispersoids with particles approaching moleculai 
values in size, while at its bottom are suspensions which can be 
resolved under the microscope. An analogous series of dispersoids 
in which the degree of dispersion varied between points lying 
beyond either side of the field embraced by the colloid solutions 
was, among others, prepared by H. Picton and S. E. Linder^ 
at an early period in the history of colloid-chemistry. Dispers- 
oids of arsenious trisulphide in water were used. The size of the 
particles in these could not be determined directly, but that theii 
degree of dispersion varied greatly was clearly demonstrated t)> 
their very different degrees of diffusibility. 

In the face of these facts it must be admitted that the classi- 
fication of the dispersoids according to their degrees of dispersion 
is an arbitrary one. But while this is so, there is undoubtedly 
a practical justification for the distinctions proposed. The 
dispersion values given were chosen because with changes in them 
abrupt changes occur in other properties of the dispersoid also. 
Thus the particles of a dispersoid with a diameter of o.i/n ar^ 
not only no longer visible under the microscope, but at this de- 
gree of dispersion they also lose their diffusibility, they no longer 
settle out spontaneously, they do not pass through a dialyzing 
membrane, they no longer produce changes in the freezing and 
boiling points of their dispersion means, etc. On the other hand, 

* H. Picton and S. E. Linder, J. Chem. Soc., 61, 148 (1892); ibid,, 67, 63 (1895). 
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ms in which the disperse phase is composed of 
,-j. different degrees of dispersion may be called 
slcins or poly dispersoids, 
isoids Vajying with Changes in Concentration. — 
: of molecular as well as colloid dispersoids the re- 
el has been observed that the degree oj dispersion 
ressively with changes in concentration. In all the 
far studied it decreases with increasing concentration. 
.Mr, for example, in dilute solution has all the typical 

. Kaelis, Deutsche mcdizin. Wachenschr, Nr. 24 (1904); Virchow's Arch., 
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attributes of a molecular dispersoid. But when cane sugar solu- 
tions of higher concentrations are investigated by applying the 
Tyndall test to them it is found that they show an intense light- 
cone thus proving themselves submolecularly disperse. Entirely 
analogous observations have been made on solutions of various 
salts such as aluminium sulphate, and on those of certain dyes, 
proteins, etc. \o doubt careful investigation will demonstrate the 
wide-spread nature of this remarkable fact. It should be added 
that such a progressive decrease in the degree of dispersion by 
simply changing the quantitative relations of the dispersoid to the 
dispersion means may be demonstrated by yet other than purely 
optical methods. Further details will be given in discussing the 
individual physico-chemical properties of the colloids espedaily 
in the chapter on their internal changes of state. Analogous 
phenomena are encountered in studj-ing the properties of mo 
lecularly and supermolecularly dispersed systems, being then de- 
scribed as •'polymerizations, condensations," etc. 

We will call these systems, among which many colloid dtspei- 
soids appear, " concentration-variable systems." 

6. Temperature-vaiiabie Dispersoids. — Just as the degree of 
subdivision of a dispersoid may vary with changes in concentn- 
tion, it may also vary with changes in temperature. As far as we 
know now, raising the concentration of a dispersoid produces ti» 
same type of change as lowering its temperatm-e. A disperse 
system therefore tends to become less disperse when the tem- 
perature is lowered. Such anomalous behavior in "true" solu- 
tions has generally been explained b)' saying that the substances 
"polymerize" or "condense."' An analogous behavior, resulting 
in diminutions of degree of dispersion, is found in even greater 
degree in colloid systems. Here we can only point out the fact; 
it is dealt with in detail in the chapters on internal changes In 
state, more particularly in that on gelation. 

Dispersoids showing this property are called " temperatur*' 
variable dispersoids." 

7. Complex Dispersoids. — There exists another class of com- 
plex systems which is interesting for both the theory and the 
practice of colloid-chemistry. It is characterized by the fact that 
each component of such systems, both disperse phase and disperstan 

• For examples and literature see H.Sehadc.KoU.-Zdtschr., 7, a6 (igio). 
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"■<fans, is in itself a dispersoid. Evidently the degree of dispersion 
111 these individual dispersoids must always be higher than that of 
ihc compound dispersoid. And in fact, the best-known examples 
ul such systems are those in which the individual dispersoids have 
a molecular degree of dispersion, while the compound dispersoid is | 
colloid or molecular-disperse in character. 

The best examples of such "complex dispersoids" are fnuud 
among the emulsions, that is among those systems in which 
both phases are liquid. Pretty instances are formed by the 
so-called critical mixtures of liquids and their analogues. As is 
well known, it is possible at suitable concentrations and at suitable 
temperatures to make a dispersoid of two liquids which have a 
limited molecular solubility in each other. As an example may 
be cited the production of an emulsion of phenol in water. Since 
all liquids are mutually soluble to some extent at least, this type 
constitutes the bulk of the dispersion systems having a liquid-liquid 
composition. Such complex dispersoids are characterized by the 
fact that changes in the concentration or in the temperature of the 
macrodisperse system are accompanied by changes in the composition 
of the microdispersoids . Thus when droplets of phenol are dis- 
persed in water, both phases contain phenol as well as water. If 
the concentration of the emulsion is changed through tlie addition 
of one of its components, for example water, the composition of 
both microdisperse phases is also changed. As more water . 
is added the phenol phase becomes progressively richer in water 
until a limit Ls reached (until the phenol is saturated with water), 
etc. Variations in temperature produce analogous effects. 

Another peculiarity of these complex dispersoids which should 
I)e emphasized is that in addition to the fact that the composition 
of the individual phases changes with variations in concenlrJtion 
tir temperature, their degree of dispersion docs also, and apparently 
whenever a change is producer! in the total concentration. Thus 
the droplets in mixtures of liquids of limited mutual solubility 
become progressively smaller as the mixtures approach the so-called 
critical concentration, and disappear altogether at the '"critical 
point;" in other words, the droplets become molecular-disperse. 
But at constant temperature the critical concentration is always 
less thaa the concentration of the fluids in a coarsely disperse 
slate. Here again there e.tiAts exactly the same variation in 
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degree of dispersion with change in concentration that vas 
previously described,' 

Wliat was said above regarding simple dispersoids holds for the 
influence of temperature on composition and degree of disperdon 
in complex dispersoids also. The complex dispersoids are con- 
centration-variable and temperature-variable systems. 

Dispersoids with a liquid dispersion medium and a solid 
dispersion phase may also form complex systems, but up to the 
present time these have been studied but little. It is self-evident 
that a solid particle floating in a liquid may either take up part of 
it into itself, or attach a layer of it to itself. Such behavior may 
be observed macroscopically when solid gelatine is pulverized and 
thrown into cold water. Each particle then "swells," that is, it 
absorbs water, but if the temperature is low enough it does not 
lose entirely the properties of a solid. But the properties of a 
solid, such as constancy of form and elasticity, become less marked 
as the solid particles take up more water or as the temperature 
rises. This very important behavior, which therefore con^ts in 
an approximation of the previously solid state to that of a liquid, 
will be discussed in detail later (see page 44). 

Let it further be pointed out that complex dispersoids may be 
expected to appear more frequently in systems composed of two 
liquid phases than in those composed of a liquid and a solid phase. 
This depends upon the fact that a greater mutual molecular 
miscibility may be assumed to exist in the case of two liquids than 
in the case of a liquid and a solid phase, and second, upon the fact 
that the "solubility" of two liquids is usually mutual. Both 
phases will therefore be disperse in a liquid-liquid dispersoid. 
On the other hand, while we may be able to speak of the "solu- 
bility" of a soUd phase in a liquid dispersion means, we will oiJy 
infrequently be able to speak of the "solubility" of the dispersion 
means in the solid disperse phase. 

It seems of interest to mention in this connection that many 
reasons have recently been found for assuming the existeace o( 
similar phenomena in molecular and ionic dispersoids. Such 
complexes are called "solvates," or if they occur in aqueous 

' It should be uoitd that coQceatration is always regarded as tbe quotient c 

umoimta of the j. -. - .In the range lAote the criticiJ point this (raciiM 

dispersion means 
is revened, in that tbe dispemion means becomes the disperse phase and vice vtrsa. 
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■i'ltions, "hydrates." In these compound disperse phases there 
Mim occur variations in composition with changes in concen- 
^ uaiion or in temperature entirely similar to those discussed 

^ 8. Transition Phenomena. — The transition phenomena ob- 
^ sen-ed in passing from the members of one class of dispersoids to 
those of another having a different degree of dispersion are par- 
ticularly interesting. Our knowledge of the properties of dis- 
persoid systems is at present distributed in such a way that we 
may say we know a great deal about typical molecular disper- 
soids, somewhat less about typical colloids, and still less about 
t}pical coarse dispersions. But the atypical representatives of 
all three classes, that is, the transition forms between coarse dis- 
persions and colloids on the one hand, and between colloids and 
molecular dispersoids on the other, have been almost entirely 
neglected. There is an historical reason for this state of affairs. 
As is well known, the founder of colloid-chemistry, Thomas 
Graham, was so impressed by the differences between typical 
colloids and typical molecular dispersoids that he declared the 
two to represent "different worlds of matter.'* He endeavored 
in consequence to contrast them as much as possible. The ma- 
jority of his successors followed him in this, and only recently 
has the effort been made to cease discovering rare and sharp 
disHnclions between colloids and molecular dispersoids. As a 
matter of fact no such sharp distinctions exist. But the realiza- 
tion of this fact was important in that it yielded a new point of 
view, on the basis of which it became possible to formulate the 
concept of the dispersoid, and with it to obtain a rational 
systematization of these bodies^ (see later). It must be em- 
phasized, however, that even today comparatively few investi- 
gations are carried out with the conscious purpose of studying 
these transition phenomena, more especially the changes which 
the individual physical and physico-chemical properties exhibit 
with progressive variations in the degree of dispersion. 

In some forthcoming chapters of this book (Part V, on the 
History of Colloid-chemistry) we shall call attention to many 
of these transition phenomena. 

* See Wo. Ostwald, Koll.-Zeitschr. i, 291, 33 1 (1907). 
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§7. General ColloidH:heiiiical Nomenclature 

Dispersoids are called sols if they have the properties de- 
scribed in the foregoing paragraphs, if their degree of dispersion 
lies between 6.10* and 6.10^, and the disperse phase is uniformly 
distributed throughout the dispersion means. This name origi- 
nated with Thomas Graham.^ When we speak of "a colloid" 
we nearly always mean one in this condition, in other words, 
one in the sot condition. There exists also what Graham fiist 
called the gel condition. A sol becomes a ge! when its degree of 
dispersion is decreased in such a way that it passes beyond tie 
lower Umits characteristic of the colloids, in other words, when 
the system becomes microscopically heterogeneous. A usual. 
though not an absolutely necessary accompanying phenomenon af 
gel formation is a loss of the uniform distribution of the disperse 
phase in the dispersion means. The sol "precipitates," "clots," 
"coagulates," "cements," etc. It is sometimes said that the sol 
"gelatinizes," but it is best to reserve this word for another process 
which can be distinguished from the ordinary "precipitation," 
"clotting," or "coagulation." 

The phenomena opposed to "coagulation," in other words, 
those which result in an increase of the degree of dispersion and 
tend toward an approximately or absolutely uniform distribution of 
the disperse phase in the dispersion means are summed up under 
the term "peptization." This term was also first suggested by 
Graham. All variations in the degree of dispersion and in the 
properties connected with it are designated by a term introduced 
by Wolfgang Pnuli—" changes of state in colloid systems. " When 
a change in the state of a colloid may be reversed by reversing 
the conditions which brought that change about, it is said to be 
"reversible." Thus when a colloid which has been precipitated 
by a salt goes back into solution on removal of the salt, the 
colloid change is said to be "reversible," On the other hand, If 
this does not occur it is "irreversible." The reversibility of such 
a change of condition is not determined, in the main, by the 
nature of the colloid itself, but rather by the character of the 
conditions which produce the coagulation. Thus the predpitatJOB 
of typical protein sols by neutral salts is reversible, but their pre- 
»Th. Graham, Phil. Trans. Roy. Soc. (1861); Licbig'a .\nn., lii, 1 tiMs). 
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cipitation by heat is irreversible. We cannot therefore speak of 
reversible and irreversible colloids, as is still frequently done, but 
only of reversible and irreversible changes in state in the colloids. 
Another inappropriate word is ^^ solid-sol, ^ by which is really meant 
a gel which will redissolve in the dispersion means from which it 
has been precipitated or dried. 

According to the chemical name of the dispersion means we 
also distinguish between hydro sols and hydrogelSy alcosols (alcohol- 
sols) and alcogels, sulphosols (sulphuric acid sols) and sulphogels. 
If the dispersion means is an organic liquid the dispersoid is called 
an organosol, etc. The chemical name of the disperse phase is 
used as a prefix, thus: gold-hydrosol, silicic acid-alcogel, ice- 
zylosol, etc. 




CHAPTER 11 



RELATIONS BETWEEN THE PHYSICAL STATE AND THE 
GENERAL PROPERTIES OF COLLOID SYSTEMS 

§8. Classification of Dispersoids According to the State of their 
Phases 

I. The Physical State of the Disperse Phase as a Principle of 
Classification. — As soon as we attempt to carry out practically 
the classification of the dispersoids on the basis of their degree o( 
dispersion we lind that this principle does not always suffice. Two 
dispersoids, for example, may be identical in that the size of the 
particles of their disperse phases is the same, yet their other 
properties may diflfer so widely that the similarity appears as a 
mere incident. This may be illustrated by the great difference 
between a quarts or kaolin suspension in water and an emulsion 
of oil in water even when the average size of the particles in the 
two is the same. But it is for the colloids in particular that such 
a classification according to degree of dispersion seems to be 
entirely inadequate. First, the extremes between which the 
degree of dispersion may vary in colloids are not widely separated. 
According to the clas^fication of Zsigmondy the degree of dis- 
persion in colloids can only vary between 6.10' and 6.10' while 
that of coarse dispersions and molecular and supermoleculac 
dispersoids is limited on one side only. Second, different colloid 
solutions are known in which the particles are of the same dze, 
but which in other points differ so markedly from each other 
that the similarity in degree of dispersion seems merely accidental 
or unimportant. What we need therefore is an additional 
principle of classification which is not based upon the size of the 
particles. Such an one lies close at hand. 

Since colloid systems are heterogeneous or polj-phasic — a. 
(act discussed in detail in the preceding chapter^— we may 
use the physical character (the ph\'sical state) of the phases 
con^Kising the sj'stems us a ba^sis (or classificatioD. We may 
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classify dispersoids according to the character of their phases quite 
as justly as according to the number or the degree of dispersion 
of their phases. Theoretically, such a classilication would be as 
valuable as the other two. But when we consider that an entire 
series of properties change, whenever the physical character of a 
phase changes, a classification based on this ciiaracter is evidently 
a more natural one than that based upon any arbitrarily chosen 
single property. The succeeding paragraphs will show that a 
classification of dbpersoid systems, more particularly of colloid 
systems, according to the physical state of their disperse phases is 
at least as important as their classilication on the basis of their 
degree of dispersion. 

3. Classification of the Dispersoids According to the Physical 
State of Their Phases. — The most important dispersoids that 
need to be considered are diphasic. Ky Joining the three physical 
s of matter in pairs we obtain the following possibilities: 

[Solid + Solid. 4. Liquid + Solid. 7. Gas + Solid. 

i Solid + Liquid. 5. Liquid + Liquid. -^ 8. Gas + Liquid. 
^ Solid + Gas. 6. Liquid + Gas. 9. (Gas + Gas.) 

No example exists of a dispersbid having the composition 
Gas + Gas, for gases are freely and completely miscible with each 
other in all proportions. Examples of the other classes are: 

1. Solid + Solid. — Intercalations of foreign particles in many 
minerals {micruliths, etc.), carbon particles in iron, of coloring 
matter in mineral salts and precious stones; "solid" colloid solu- 
tions, mixed crystals, solid solutions. 

2. Solid + Liquid. — Liquid intercalations in many minerak, 
water of occlusion, inclusion and crystallization. 

5. Solid + Gas. — Gaseous inclusions in many minerals (meer- 
schaum, pumice stone, lava, tjifa), solutions of gases in solids 
t^bydrogen in iron, etc.). 

, Gas + Solid. — Smoke, for example tobacco smoke; con- 
ug metallic vapors (F. Ehrenhaft); coohng vapors of am- 
littm chloride; cosmic dust, etc. 

6. Gas + Liquid. — The fog formed at the liquefaction point of 
& or in the condensation of steam; atmospheric fog, clouds, 

Tyndall's photochemically produced liquid fog, etc. 
All these will be discussed in detail later. 
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The classes of dispersoids mentioned under 4, 5, and 6 are by 
far the most important and deserve special attention in colloid 
chemistry. The dispersion means is liquid in all three cases, the 
disperse phase is solid in the first instance, Uquid in the second, and 
gaseous in the third. The most familiar examples of these three 
classes of dispersoids are the coarse dispersions known as suspen- 
sions, emulsions, ^nA foams. ^_ 



§9. Transition Phenomena. Complex Dispersoids ^| 

I. General Considerations. Influence of Temperature and 
Degree of Dispersion.- — As soon as we study the problem closely, 
it becomes evident that transitions are encountered in this scheme 
of classification also. This is more particularly true in passing 
from the solid to the liquid state, a transition which is produced 
more frequently and more easily, as is well known, than the tran^- 
tion from Uquid to gas. Thus one and the same dispersoid may 
be an emulsion or a suspension, depending upon the temperatiue. 
At ordinary temperatures a few drops of an alcoholic mastic 
solution or of an alcohohc solution of rosin form a suspension when 
poured into an excess of water, but if the system be heated to the 
melting point of the resins a mixture of two liquid phases or an 
emulsion results. Between these two temperatures all possible 
transitions between solid and liquid may appear. In the last 
analysis the difficulty of drawing a sharf) line between suspensions 
and emulsions is identical with the more general one of formulating 
a precise delinition of the solid as contrasted with the hquid state 
of matter. Since the discovery of Uquid crystals and crystalline 
Uquids the only criteria we seem to have left lo characterize the 
soHd state are its enormous internal friction and, particularly, the 
absence of free (positive) surface tension which under ordinary 
conditions determines the shape of a liquid. 

When wc deal with droplets of microscopic size, their Uquid 
character [that is to say, the presence of free (positive) surface 
energy in them] can be demonstrated rather easily by deformation 
experiments. But it is much harder to ascertain the physical 
state of a disperse phase when higher dispersion values come into 
play. As E- Hatschek' has shown particularly well, the amount 
»E. H«tschcl, Koll.-Zpit»cJir,.T, fii i^igxo^. 
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o( energj- necessary to produce the deformation of a liquid droplet 
increases very rapidJy witii increase in degree of dispersion. 
While its own weight suffices to squeeze a macroscopic oil globule 
through a glass tube half its own diameter a pressure of 4.5 atmos- 
pheres is necessary under analogous experimental conditions 
if the oil droplet is o.z/i in diameter. Such a drop is still visible 
under the microscope. The explanation for this hes in the great 
increase in the surface energy of a given volume with its progressive 
subdivision. (For details see later.) TIte greater the degree of 
subdivision 0/ a liquid disperse phase, the more does it approximate 
a solid in its mechanical behavior. 

P. P. von Weimarn,' starting with other, mainly moleculo- 
kinelic, conceptions, has reached a conclusion the converse of this. 
The properties of solid disperse particles approach those of a 
liquiii as their degree of dispersion increases. We may say, 
therefore, that property di_fferences between liquid and solid disperse 
phases become progressively less marked as IJte degree of dispersion 
increases. In entire agreement with this conclusion is the fact 
that the importance of the original physical state disappears 
entirely when the phases become molecular-disperse. Thus all 
solutions of acetic acid are the same whether they are prepared 
flom the vapor or from the hquid or solid forms of acetic 
acid,* 

2. lofluence of Concentration upon State in Complez Dis- 
persoids.^ Further analysis shows that in addition to tempera- 
ture and degree of dispersion the concenlration, that is to say the 
quantitative relation of the components of a dispersoid to each 
other, may have an important influence upon its state. Two 
possibilities may be distinguished: 

I. The state of the dispersoid as a whole may vary with the 
concentration. 

The state of the individual phases of the system may vary 
i the concentration. 



K 



B Weimam, Eoll. -261150111., 6, 3a (1910); 7, ISS ('Sio). 
_ .is therefore impossible and so purposdesstotry to distinguish molecularly dis- 
perse s)-5tems Csolutoida) from each other on the basis of the "solid" or "fluid" 
nature of the disperse phase as P. P. von Weimam (I.e.) proposes. But this state- 
ment ia not to be construed as meaning that the processes otfor (nation oto/ solution are 
tdcntica] in the two cases. The beats of solution are certainly dlEFcrent. Since in 
» ci&^hcalion of disperse systems ne only classify the like results of very diFereut 
phywal and chemical processes, the advanlage o( utiliaang these differences in modes 
of [irrpanitlon for purposes of diissifjcation is not evident. 
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We seem at first sight to deal here with rare and complex 
phenomena, but while it is true that only suggestions of them 
are found among the best-known dispersoids. namely the mo- 
lecularly and coarsely disperse, they play an important part in 
certain colloids. Let us first consider the behavior of the simpler 
dispersoids of this type when their concentration is varied. 

(a) The state of a molecular-disperse solution is determined 
by the state of the solvent. The reason for this is that the original 
state of the dissolved substance has lost its importance when a 
molecular-disperse phase results, as already explained above. In 
the case of those atypical solutions which are more or less solid, 
there are good reasons for supposing that in them the disperse 
phase has not remained in a molecular state of subdivision, but 
has been polymerized, associated or condensed into submolecular 
and then into colloid particles, as discussed above. Thus soap 
solutions are molecular-disperse and liquid in low concentrations, 
but are colloid and solid in higher concentrations. If the con- 
centration is varied while the molecular degree of dispersion is 
maintained a separation of the disperse phase in liquid or solid 
form generally occurs, in other words saturation is attained. 

(6) The state of a coarsely disperse system depends in an 
interesting way upon concentration. In certain extremes of 
concentration, bodies having a liquid dispersion means and a g3se> 
ous, liquid, or solid disperse phase may assume some of the 
properties of solids, such as constancy of form and elasticity. 
Solid powders mixed with a little water illustrate this. Sand 
with a definite but by no means immeasurably small water 
content may be cut into slices. Emulsions of mineral oil in soap, 
or of water in mineral soaps form sectionable pastes in certain 
concentrations;' if the concentrations are slightly changed a 
coarse mixture of liquids is again formed which may be poured 
from one vessel to another. As is well known, foams prepared 
with small quantities of a liquid dispersion means may have fl 
definite shape and exhibit considerable solidity. Thus, a slice of 
pasteboard weighing two grams will not sink into a well-beaten 
saponin foam. 

It is characteristic of all these systems that they contain 

a great excess of the disperse phase, though even here an optimunt' 

> See S. U. PickeriDg, EolL-Zeitschr., 7, 11(1910); D.Holde, ibid., 3, >7o(i9d6>. 
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concentration exists beyond which the system again loses its soh'd 
state.' In these "highly concentrated dispersoids" the dispersion 
means surrounds the disperse phase with a "Hquid film" which * 
deprives the disperse particles of their mobility, and so imposes 
upon them the properties of a solid. 

(c) Particularly interesting and important phenomena appear 
among the complex dispersoids. The more important character- 
istics of these bodies, such as variations in concentration in the 
individual dispersoids with temperature and total concentration, 
and variations in the degree of dispersion with the same factors, 
were mentioned above. In considering the influence of con- 
centration on the state of complex dispersoids we have therefore 
to deal with an exceptionally large number of factors which may 
all act in the same general direction but which may also serve to 
antagonize each other. 






rA. COMPLEX SYSTEMS HAVIHG THE COMPOSITION 
LIQUID + LIQUID 

(a) Influence of Concentration upon the State of tbe Dis- 
persoid as a Whole.— In Liquid -I- Liquid systems the same in- 
fluence of concentration described above for simple, coarsely 
disperse suspensions may exhibit itself, and a body having the 
properties of a solid may result. Here also a sudden "setting" 
take place in certain limited regions of concentration. But 

this there must be added the influence of the total concentra- 
not alone upon the concentration of the individual dispersoids, 
and consequently upon their physical properties, but also upon the 
degree of dispersion of the system as a whole, and thus upon its 
state. If we trj' to imagine what must be the effect of these in- 
dividual factors upon the behavior of such complex dispersoids 
we can only suspect that the changes in state of the system as a 
whole with changes in concentration or temperature must be 
smoother in the case of the complex dispersoids than in the case 
of the simple ones. For, generally speaking, it is probable that 
the consequences of any change will manifest themselves less 
dearly when a great number of factors working partly in the 
sune, partly in opposite directions, are affected by it than when 
one or a relatively small number of such determining factors 

'See Wo. Ostwald, KoU.-ZciUchr,, 6, iSs (i<»io)- 
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are affected. This is particularly true of systems that occupy a 
middle position among the dispersoids, in other words of the 
colloids. It follows from the principle oj cotilinmly which justly 
plays a great r61e in all science that colloid systems having the 
composition Liquid + Liquid must occupy a middle position be- 
tween coarse dispersions and molecular dispersoids in this respect 
also. 

(b) Influence of Concentration on the State of the Disperse 
Phase. — Exceptionally complicated and interesting relationships 
become apparent when we take into consideration the fact that in 
complex systems the state of aggregation of one of the indi\idual 
dispersoids, the disperse phase for example, may be changed in 
the same way as that of the compound dispersoid by a change in 
concentration. For there is no reason for excluding tbe possi- 
bility that a floating droplet having the composition Liquid + 
Liquid may "set" in certain concentrations and at certain tcm- 
, peratures as does the dispersoid as a whole at other concentrations, 
perhaps. Just as soap, water, and paraffin oil may form a body 
having the properties of a solid under certain conditions, so a 
disperse particle having a similar composition may sudd^y 
stiffen even though the dispersion means itself may still be liquid. 
A great variety of possibilities exist here which we shall encounttf 
again later. 



B. COMPLEX DISPERSOIDS HAVING THE COMPOSITIOH ^M 
LIQUID + SOLID ■ 

(a) Influence of Concentration on the State of flie Dispersoid 
as a Whole. — It is easily seen that when a complex system has 
the composition Liquid + Solid (a suspension of swollen gelatine 
particles, for example) it may assume the properdes of a solid as 
its concentration rises. There need only be enough particles in 
a given volume of liquid so that in the process of swelling they 
interfere with each other's movement in order to get a stiff jelly- 
Figuratively speaking, the particles at higher concentrations 
struggle with each other for the dispersion means, and as the 
amount of liquid at their disposal decreases the particles adheie 
more and more firmly to each other. This may be observed er- 
perimentally if the hquid dispersion means is gradually removed 
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by evaporation. In this way a typical solid is finally obtained.* 
Conversely, such a complex system will tend to approach a normal 
liquid in character as the number of suspended particles con- 
tained in the unit volume is lessened. If the dispersion means 
is also heterogeneous, that portion of it which is made up of the 
disperse phase must also increase when the total concentration 
b increased so that the augmented viscosity resulting from 
this will further aid in giving the dispersoid as a whole a solid 
consistency. 

(6) Influence of Concentration on the State of the Disperse 
Phase. — The state of the solid disperse phase more nearly ap- ' 
preaches that of a hquid the greater the amount of dispersion 
means it has absorbed. 

To sum up we may say that a great variety of relations exists 
between the state of the individual phases composing the dis- 
persoid and its general properties. Of greatest significance is 
the fact that a system having the properties of a solid Jitay be formed 
from a disperse mixture of non-solid phases. Other disperse 
systems having the composition Gas + Solid or Gas + Liquid 
may assume the properties of liquids. Thus smoke or fog some- 
times exhibit phenomena of (positive) surface tension ("rings" 
of smoke); and at least most of the hydrostatic properties of 
liquids may be easily demonstrated in extremely concentrated 
systems of this composition, as in not too fine, dry sand. 

§io. Colloid Systems as Suspensoids and Emulsoids 

I. General Considerations.— Once we accept the physical 
heterogeneity of colloid systems we are compelled to consider the 
state of their phases. The dispersoids that must first be dealt 
with are those which have a liquid dispersion means. Special 
attention must therefore be paid to the part played by the state of 
the disperse phase. 

In considering the three types of systems which belong to this 

group we may disregard the class Liquid -f- Gas, for these (foams 

composed of extremely small bubbles) are not tjpical representa- 

Itivcsof the colloids. This should not be taken to mean that such 

fstems are unknown or arc incapable of existing. The turbidity 

1 appears in liquids about the critical vaporization point is 

[-'The cr>*&la]linc structure of solid bodies is disregarded here.' 
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probably dependent upon the fonnation of a great number of gas 
bubbles in a high degree of dispersion. A detailed compari- 
son of the properties of these systems with those of othns 
has not been made as yet. although their optical behavior, th« 
effect of the walls of the vessels containing them, etc., demonstrate 
the close relationship of these to the dispersoids. A detailed 
theoretical and practical study of the whole problem, more 
especially of the critical cloudiness of liquid mixtures, would yield 
fruitful results, for great similarities have already been shoVB 
to exist between these systems and certain colloids (see later). 

We need to concern ourselves therefore only with colloid 
solutions having the composition Liquid + Solid and Liquid -f* 
Liquid. According to our classihcation we may expect to ea- 
counter two classes of colloids, and our problem narrows itself 
down to the relations existing between suspensions and emulsions 
on the one hand and colloid solutions on the other. On a priori 
grounds it would seem possible that the coarse dispersions men- 
tioned might yield two types of colloid solutions when the degiee 
of dispersion is properly increased. The question as to what 
properties such systems exhibit is- worth our attention. 

2. The Empirical Establishment of Two Classes of Colloids. — 
The existence of two classes of colloids differing markedly from 
each other has recently become apparent on purely empirical 
grounds and entirely independently of any theoretical considera- 
tions. Protein and gelatine solutions represent one extreme, 
Zsigmondy's aqueous gold dispersoids the other of these two types 
of colloid solutions. Different names are employed in the U terature 
for these two sets of colloids, different investigators having made 
use of different of their special properties for their characteriza- 
tion. V. Henri' calls them "stabile" and "instabile" colloids, 
A. A. Noyes," "colloidal solutions" and "colloidal suspensions," 
J. Perrin,* "hydrophilic" and "'hydrophobic" colloids, and also 
"hydrosoles stables et colloideshydrophiles." After Wolfgang Ost 
wald' pointed out that the latter names are too narrow since the 
character of the dispersion means may vary, H. Freundlich' and W. 

' V. Henri, Zeiuchr. f. physik, Ch., sr, ig (1905). 

' A, A. Noycs, Joum. Amer. Cbem. Soc., J7, 85 (1905), 

•T, Pemn, J. Chim. Phys., 3, 50 (1905). 

' Wo. Ostwald, KoU.-Zeit3chr., i, iqi, 331 {1907). 

» H. Freundlich and W. Neunann, Koll.-Zdlschr., 3, 80 iigoR). 
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SVcQmaiin suggested the more comprehensive terms "lyophilic" 
and "lyophobic" colloids. All these terms are either based upon 
the existence of some striking individual difference between the two 
i^roups or else are expressive of particular theoretical concejilions. 
Viiyes has analyzed the two classes of colloids from a broader 
vperimental point of view. He characterizes one type as 
r-iscous, gelatinizing, colloidal mixtures nol (easily) coagulated by 
salts," the other as "non-viscous, non-gelatinhlng. but easily 
coagulable mixtures" A possible addition to Noyes' happy em- 
pirical description is that the former usually have a lower surface 
tension than their pure dispersion means, while in the latter the 
tension is practically unchanged. Further, electrical factors 
usually play a more important rfile in the latter than in the 
former. This is evidenced, for example, by the great precipitat- 
ing power which polyvalent ions have upon the nun-viscous 
colloids. 

Examples of the " non- viscous, etc.," colloids are the metallic 
sols, sulphide sols, many dyes (congo-red for instance), iron 
hydroxide in dilute solution, etc. The best illustrations of the 
other class are: the proteins and related substances, gelatine, agar, 
cholesterol, silicic acid, "meta "-phosphoric acid, stannic add, 
meta-hydroxides in concentrated solution, so-called gelatinous 
salts (sulphates, phosphates, carbonates, etc.), dye-stuffs like 
oight-blue, etc. 

The question now arises whether these two classes of colloid 
solutions do actually represent dispersoids having the composition 
Liquid -F Solid and Liquid + Liquid. 

3- The Theoretical Characterization of the Two Classes of 
Colloids. — Even the theoretical conceptions which led to the use 
of the i-xpressions "lyophilic" and "lyophobic" imply the exist- 
ence of a close relationship between the properties denoted by these 
names and the state of the disperse phase. This is particularly 
of the "lyophilic" colloids which we characterize as systems 

ing the composition Liquid -t- Liquid, for when we say that 
le disperse phase is here composed of "exceedingly swollen par- 
ticles" or of "particles united to a great number of liquid mole- 
cules," we imply that its state is liquid, Statements like this of 
J. Perrin:' "Un granule d'hydrosol stable conticndrait une 
'J.Pwrin,».<., 84.87. 
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tres forte proportion d'eau, go per cent, par exemple" can hardly 
be interpreted differently. Yet while such statements may be 
regarded as approaching a characterization of the two classes of 
dispersoids on the basis of the state of their disperse phases, a 
detailed analysis of these two classes based on experimental study 
was attempted only recently, Tliis is particularly true of the 
'"lyophilic" colloids. The colloids described as "lyophobic," 
"unstable," etc., were characterized as dispersoids haWng the 
composition Liquid + Solid early in the history of colloid-chemical 
investigation as an almost self-exident conclusion to be drawnfrom 
a consideration of their properties. The similarities between 
colloid metals, for example, and coarse dispersions ha\Tng the 
composition Liquid -f- Solid are so great and the relations between 
them so intimate and striking that even before the formulation 
of the concept of " coUoidallty,"' B, J. Richter,- M. Faraday,* 
and J. Berzelius' thought of the former as suspensions of particles 
of the same character as "reguUne" metals. B. J. Richter showed 
as far back as 1802 that gold in its well-known "aqueous solu- 
tions" does not exist here in some unknown molecular condition, 
but in a finely divided metallic (solid) state. This conclusion 
was afterwards confirmed by Faraday and Zsigmondy, and ex- 
tended to other colloids of this group by other investigators. 

We might now try to correlate these two empirically estab- 
lished types of colloid systems with the dispersoids having the com- 
position Liquid -|- Solid and Liquid -f- Liquid by detailing the 
similarities between the two sets of systems. But such a com- 
parison would presuppose knowledge of a great number of the 
special properties of colloid systems which only the succeeding 
portions of this book will bring. The results of comparison would 
not be convincing, for the facts to be employed could only be 
pointed out here in brief. We shall therefore /or l/ie present only 
assume that the two types of colloid systems under discussion 

'Wo.Oslwald. Koll.-Zeitsghr., I, 391, 33: (100;). The slaiemcnl of A. Mtlller, 
[Allg. Chemie d. KoH., 147, 186, Lripiig (1907)), that G. Quincke |Ann. d. Phytik. 
(4) 9i 797. ^°°9, etc. (1907)] first classified colloids ftccordin^ to the type of thetfo- 
perse phase is Dot correct. The statements of Quincke which no doubt led to thb 
historical error, do not refer to colloid s>-5tems but to coarsely dispersed once 
Quincke holds all colloid solutions (including those of arsenious trisulpbidcs) to be 
mistures of two fluid phases (I.e., roo<), 1034, etc.). See in this cc-nnectJoa G> 
Bredig |Ann. d. Physik.. 4, 11. 221 (1903)]. 

• B. J. Richter, see Wilh. Ostwald, KoU.-Zeitschr. 4, 5 (1009). 
'M. Faraday, Philos. Mag. (4) 14, 401. S" ('Ssol' 

* J. Berzelius, Lehrb. d. Chemie, i Aufl., a, 244 (1813). 
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Fer from each other in the matter of the state of their disperse 
phases and in the properties which result from this fundamental 
difference. We shall of course not disregard the necessity of 
proving this assumption l:\tL'r.' 

4. The Frequency of Occurrence of Complex Emulsoids. — 
Let us anticipate a particularly important generalization which 
follows from characterizing the "lyophilic" colloids as systems 
having the composition Liquid + Liquid. The behavior of 
such colloids demonstrates clearly the liquid character of the 
disperse phase in them and emphasizes, first, that the "lyophilic^' 
coU<nds are complex dispersoids, that is to say, their individual 
phases are in themselves dispersoids of a higher degree of dis- 
persion, and, second, that the composition of these individual 
dispersoids as well as their degree of dispersion varies greatly 
with concentration, temperature, etc. Further, in consequence 
of the complex character of these systems the state of the disperse 
phase may pass progressively from liquid titrough semisolid to solid 
and back again. The possibilities of variation in the state of a 
complex dispersoid with degree of dispersion, temperature, 
concentration, etc., as discussed on p. 45. appear very clearly 
in these colloids and undoubtedly constitute one of the chief 
reasons why their behavior is so much more varied than that of 
colloids having the composition Liquid + Solid.- The value of 
this conception will also show itself in discussing the individual 
phenomena characteristic of these systems, when it will be- 
come evident that the different theoretical views held regarding the 
properties of these two classes of colloids may not only be corre- 

1 An exact HassiBcstionanddescriptionorbothclassesaf colloids accordmg to the 
tyix of tbe phases was mdicaCed in the fir^t edidon of this booL Since then I have 
fouod only further and very excellent support for ttus view. I hope in the near future 
lopublisb a monograph 00 thephysicaltheory of colloids of the compositioD Liquid 4- 
Liqaid (see the following footnote). 

•Even in the first edition of ibis book (pp. iii,3j8, 356, 374, etc.) I empba- 
tlMd that lyophilic colloids are not "only" systems of the composition Liquid + 
Liquid, but also dbpersoids of a " higher order," or, iu the words used above, complex 
disperaoids. liushasnot been taken intoaccount by those writers who have objected 
to my characterizations by pointing out that colloid mercury which consists of two 
Bntd phases has no lyophilic properties. They have erroneously ascribed to me the 
that all Liquid + Liquid systems have such properties, while actually 1 merely 
_ theoarrower opinion that lyophilic colloids belong to Ihesesystems, But it may 
pmnted out again that for the reasons ^ven oo p. 47, complex systems may be 
paded in sysienis of the type Liquid + Liquid with greater certainty than in those 
the type Liquid + Solid. A complex composition is therefore more general 
ud coromaoer in a Liquid 4; Liquid dispersoid. If colloids of the composition 
liquid + Liquid were unknown it would be necessary to seek them and they would 
no doubt be easily found. 
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latedbutbe simplified and explained if the differcncesin t: 

the disperse phases and the consequences thereof are kept in raiad. 

5. Relation of These Two Colloid Classes to Molecular Dis- 
persoids.^ — Many investigators have pointed out that greater 
similarities exist between "lyopMlic" colloids and tj-pical mo- 
lecular dispersoids than between the latter and colloids of the 
type Liquid + Solid. Without going into details which must be 
reserved for later, we may emphasize that such relations may be 
expected on the mere basis of our characterization of the 
"lyophilic" colloids as Liquid + Liquid systems. Physical 
chemists have recently become increasingly certain that the 
highly disperse phases of molecular and supermolecular solutions 
must be conceived of as combined with a number, sometimes a 
very considerable number (100 and more), of the molecules of 
the solvent as solvates. Even though, as emphasized before, we 
cannot speak of the state of aggregation of a molecule, such i 
union of solvent with molecule cannot be conceived of physically 
other than as a highly disperse liquid. As a matter of fact, re- 
cent workers on the theory of solution speak of "droplets."* 
This widespread impression of the existence of a closer relatioil- 
ship between "true solutions" and "lyophilic" colloids than 
between the former and "lyophobic" systems therefore corre- 
sponds with the conceptions above presented, 

6. Suspensoids and Emulsoids.^In view of the relations exist- 
ing between these two classes of colloids and the corresponding 
coarse dispersions it seems expedient to give the former special 
names. R. Hober^ introduced the name suspension cotleids 
for the colloids of the type Liquid + Solid. An analogous tenn 
for the second class would be: emulsion colloids. The abbrevia- 
tions suspensoids and emulsoids have been suggested by P. P. 
von Weimarn.* These will be employed in the succeeding p^CS 
of this book. If one wishes to characterize a colloid in greater 
detail one may speak of " polysuspensoids " (systems composed 
of solid phases having different degrees of dispersion), of "com- 
plex emulsoids," etc. No objection can, of course, be raised against 
expressions like "lyophilic emulsoids," Only it should be re- 
membered that the terms "suspensoids" and "emulsoids" in 



' p. P. Von Welmarn, Koll.-Zeitschr., 3, 56 (t^osV 
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contradistinction to "lyophilic" and "lyophobic colloids" have 
the advantage of expressing more definite and hence more fruitful 
views regarding the properties of the dispersoids. A view which 
connects the state of the disperse phase with the general concep- 
tion of the dispersoid seems incomparably more concrete, more 
useful, experimentally, and more suggestive than, for example, 
the conception of "lyophilia." 

§11. Transitian Phenomena between SuspenBoids and Emulsoids 

As already mentioned, it is possible for a phase to pass 
smoothly from a solid to a liquid state and vice versa. Often such 
progressive changes may occur during the process of coagulation 
in one and the same system, as in a complex dispersoid. Thus 
an originally liquid disperse phase may be precipitated in an 
almost solid condition by appropriate means of coagulation. Such 
a transition from emulsoid to suspensoid demonstrates par- 
ticularly well the properties which result from a change in the 
state of the disperse phase. According to J. Fricdiander,^ for 
example, two kinds of systems may be prepared from alcohol, rosin 
and water, both of which are turbid, thus proving them disperse 
heterogeneous systems. The first of these is made by pouring a 
few drops of an alcoholic solution of rosin into an excess of water 
when the rosin, which is practically insoluble in water, separates 
out aa a solid disperse phase while the alcohol, in greater part at 
least, is dissolved in the water. The second is made by adding 
a few drops of water to a concentrated alcoholic solution of rosin. 
In this case the first drops of water probably dissolve in the 
rosin-alcohol, but further amounts can dissolve only in the alcohol 
or, perhaps, succeed in withdrawing this from the solution so 
that small droplets of water-alcohol (liquid) appear in the hquid, 
alcoholic solution of rosin and make it turbid. A disperse hetero- 
geneous system with a solid disperse phase as well as one with a 
Equid disperse phase may therefore be prepared from the same 
three components by appropriate changes in their concentration. 
Friedlander found the behavior of the two systems to be entirely 
different. "Such a turbid mixture (a concentrated alcoholic 
solution of rosin to which a little water has been added) behaves 
very differently from the ordinary rosin suspension in that it is 
'■J* ftrWB— ■**"! Zttticbr, t phyuk. Chem., 3S, 430 (igoO. 
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not coagulated by an increase in temperature or on the addition 
of electrolytes. When the temperature is lowered the rosin 
phase becomes soUd but is not coagulated, for a rise in temperature 
restores the system to its previous condition. Although pre- 
viously irreversible, the system is now completely reversible."' 
Friedliinder further found the internal friction of the second Idnd 
of system to be greater than that of the first. In this respect the 
second system closely resembles typical emulsions such as those 
of isobutyric acid in water. A detailed study, qualitative and 
quantitative, of these systems would evidently be of great interest 
for the classification and characterization of disperse systems 
on the basis of the state of the disperse phases entering into their 
composition. Transitions from suspensoids to emulsoids and 
vice versa exist also among the colloids proper. Nearly all 
protein solutions, for example, are emulsoid in character; they 
are viscous, flocculated only by large quantities of electrolytes, 
etc. Yet 0. Hammarsten,' found that a neutral solution of 
salt-free serum globuhn is coagulated by minute quantities of 
salt (o.i to 0.3 per cent. NaCl); and according to W. Erb' the 
same is true of a plant protein, vitellin. According to H- Freund- 
lich and W. Neumann,^ many dyes show an emulsoid character 
in aqueous solutions and a suspensoid character in alcoholic 
solutions. Solutions of these substances in mixtures of the two 
dispersion means must evidently exhibit transitions between 
suspensoids and emulsoids similar to those which Fridlander 
discovered. Systematic investigations in this field would also be 
of importance for the theory of the colloid state. Finally, we 
will here point out that one and the same substance may appear 
either in the suspensoid or in the emulsoid state in one and the 
same dispersion means depending only upon the conditions under 
which it is prepared. 

§12. The Crystalline (Vectorial) Constitution of tb» 

Disperse Phase 

I. The Concept of Crystallinity.— As is well known, most 

substances as well as a limited number of liquids are character- 

1 J. Freidlander, I.e., 43'. 433- 

•O. Hammaraten.Pfluget'B Arch., 18, 38; seealsoZtitschr, f. ph>-3iol. CIiein.,39S 

' W. Erb, Zeitschr. t. BM., 41, 1 (lOoi). 

• H. Freundlich and W. Neumann, KolL-Zcitachr., 3, 80 (190S), 
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ized by the fact that when their viscosity is sufficiently great 
their optical, elastic, dielectric, etc., properties are dependent 
upon the arrangement of their molecules in space. Besides the 
vectorial nature of these and other properties of such systems, 
which we usually designate as crystalline, these systems assume a 
definite external shape when their internal friction is sufficiently 
great. In the most characteristic cases this external shape is 
made up of a series of plane surfaces. A detailed discussion of 
the distribution of the crystalline state in nature, or of the question 
of whether so-called amorphous solids are only under-cooled 
liquids' is out of place here. Let it be noted, however, that 
some investigators like M. L. Frankenheim^ and P. P. von 
Weimarn are so convinced of the wide distribution of crystal- 
Unity or vectoriality that they have declared the crystalline state 
"the only internal state of matter." P. P. von Weimarn, es- 
pecially, believes that the crystalline (vectorial) state is char- 
acteristic of all solid, liquid and even gaseous substances, and 
that generally speaking no amorphous substances exist in nature.^ 
But e\"idently there has been confused here the possibility of 
demonstrating crystalline (vectorial) properties in all manner of 
substances in every state with the actual existence of vectoriality 
in these as postulated by P. P. von Weimarn. While all gases 
may be transformed into liquids and most of these into crystaUine 
solids, only a relatively small number of liquids (and of these 
only certain ones which exhibit special chemical properties 
such as "molecular chain formation," etc.) are possessed of 
experimentally demonstrable crystaUine properties when in the 
liquid state; and up to the present time no evidence at all 
is at hand to indicate the existence of a crystalline structure 
in gases. From this it follows that the "intensity of the vec- 
torial chaining together of the molecules" (P. P. von Weimarn) 
is so slight in all gaseous and most, liquid systems that it is 
of no importance. The assumption of vectoriality in these 
systems is in consequence superfluous, for it leads to no fruitful 
deductions. 

■ Sec especially the recent and extensive discussion with rcfereoces to the litem* 
lure by t", Doelter, KoU.-Zeitschr., 7, 39, 86 (1910). 

* P. P. Von Weimarn. Sec his numerous discussions in Koll.-Zeitschf., 3, and 
subsequent volumes, especially 6, 32 (1910). 

• The earlier literature is extensively discussed and in part cited verbatim by 
0. LeiiRuum, Molekularphysik, i, 716, Leip»g, 1SS8. 
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It must further be emphasized that the concept of crystal- 
Unity or vectoriality is as ambiguous a one as is that of hetero- 
geneity (see the next paragraph) . For a system may be vcctorialor 
crystalline in certain of its properties while it is isotropic in others. 
All solid crystals, for example, are vectorial in shape, but crystal- 
line liquids have, generally speaking, only an optical vectoriah'ty. 
On the other hand, all solid crystals of the regular system, for 
instance, are not vectorial in their refraction coefficients. Other 
types of crystals exhibit different degrees of optical vectoriality. 
A characterization of systems according to their vectoriality is 
therefore somewhat arbitrary, since it is always necessary to state 
which of the properties are vectorial. ITie failure of investigators 
to consider that different kinds of crystalline systems and different 
kinds and degrees of vectoriality must be distinguished accord- 
ing to the kind and the number of the properties of the vectorial 
state has undoubtedly contributed its share toward confusing 
the problem of the relations between crystalline and amorphous, 
solid and liquid slates of substances. 

2. Direct Proof of Crystallinity in Colloids. — The most fre- 
quently applied and simplest practical method of recognizing 
crystalline properties is the optical. As indicated in their 
definition, it must be impossible to prove by any direct methods 
such as the microscopic, that colloids possess a crystalline struc- 
ture. UUramicroscopic methods in place of microscopic can 
only be of limited use, for they give no direct "image" of the 
object. A whole series of optical facts have, nevertheless, 
been accumulated in favor of a crystalline constitution of 
the disperse phase of metallic sols. These will be discussed in 
detail when we consider the optica! properties of colloid sys- 
tems. Upon such and similar grounds, investigators like 
R. Zsigmondy, H. Siedentopf, A. Cotton and H. Mouton 
have been led to believe in the possibility if not in the prob- 
ability of the crystalline nature of metallic sois at least. 

3. Indirect Proof for the Crjrstallinity of Colloid Phases. — The 
Crystallinity Theory of P. P. von Weimarn. — Since we have no 
direct evidence besides the ultramicroscopic upon which to base 
conclusions regarding the vectorial state of colloid disperse phases 
we are compelled to resort to indirect means based upon theoretitail 
considerations and exterpolations. Most of these conclusoiu 
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are based upon ihc assumption that particles retain llieir crys- 
tailinity even when their size is progressively changed. Such con- 
clusions were drawn early in the history of colloid-chemistry; and 
if the "reguline'' state of a metal may be considered as crystal- 
b'ne or crj-ptocrystalline, B. J. Richter (1862) may be regarded as 
the first to have urged the view that suspensoid phases have a 
crystalline constitution. By far the most convincing evidence 
in favor of the view that the disperse phase retains its crystalline 
slate, especially in suspensoids as compared with coarse suspen- 
^ions (which may be demonstrated to be crystalline by direct 
microscopic means) has been given by P. P. von Weimarn {I.e.). 
The following seera the more important of the numerous reasons 
he has advanced in favor of this view. 

(d) Von Weimarn studied the reactions of formation of a 
great number of inorganic substances (salts, elements, etc.), direct- 
ing special attention to the influence of the concentrations of the 
reacting media. It was found that the shape and the degree of 
dispersion of the product of the reaction varied greatly with the 
concentration, and this progressively. Through experiments on 
more than two hundred substances he was able to show that in 
mtdium concentrations^ oj the reacting substances definite crystals are 
formed which attain a maximum size at a definite concentration; at 
concrtttralions above and below this the crystals become progressively 
smaller until in extreme concentrations they pass beyond the dimen- 
sions of ultramicroscopic visibility. The systems formed in lowcon- 
trations are nothing else than suspensoids identical with those 
:n obtained even before the systematic investigations of 
P. \-on Weimarn by allowing substances to react with each other 
dilute solutions. On the other hand, the systems produced in 
the highest concentrations correspond with the bodies usually 
described as "jellies" or "glasses." P. P. von Weimarn im- 
agines these, too, to have the composition Liquid + Solid. The 
progressiveftess with which the size of the crystals decreases with in- 
creasing dilution speaks in favor of the view that ultramicroscopic 
amicroscopic particles may have a crystalline structure. 

It should be noted that wc arc dealing with so-called rdatite concentrations, in 
wcrds, with amounts of dissolved substances calculated in terms of their moii- 
(olubility. to the case of easily soluble matetials the concentration ranges 
re correspond with larce ranges of absolute molar or percentage concentre- 
On the otier hand, willi slightly soluble materials, the trhole series of diflcr- 
u iofludcd iu 3 small absolute range oi 
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(6) Another point in favor of the crystalline constitution of 
suspensoid phases is their power of starting crystallization in 
supersaturated molecular-disperse solutions of themselves. Gener- 
ally speaking, only such solids have this power which are them- 
selves crystalline. Yet as von Weimarn himself found, highly 
disperse sols lose this power when their degree of dispersion i$ 
sufficiently increased. It is fair to attribute this to the law that 
the solubility of a substance is dependent upon its specific surface, 
that is to say, rises greatly with extreme subdivision (see p. 74), 
Highly dispersed particles would therefore not initiate crystalliza- 
tion in supersaturated molecular-disperse solutions, because the 
latter are still unsaturated with regard to them. Wilhelm Ost- 
wald's finding' that small quantities of salol, made highly 
disperse by trituration with an indifferent substance, are unable to 
effect the crystallization of supermolten salol, even though tie 
salol is still demonstrable analytically, may also be thus interpreted, 

(c) That the particles of sols may coalesce to form micro- 
crystalhne bodies and even definite crystals after long standii^ is 
another fact in favor of the crystallinity of suspensoid phases. 
Thus P. P. von Weimarn" found silver crystals to form in & 
silver hydrosol after this stood a while. The ultramicioscopic 
observations of M. Traube-Mengarini,* of J, Amann* and of L. 
Pelet and A. Wild* who noted the direct formation of crystalline 
bodies by a simple coalition of ultramicroscopic particles in colloid 
lead (lead oxyhydrate), colloid iodine and colloid dyes, are even 
more convincing evidence of the possibility of a "direct colloid 
crystallization," that is, a direct fusion of ultramicroscopic 
particles to form definite crystals. One is inclined to believe that 
only vectorial particles can have the power of growing into definite 
crystals, just as one beheves that only such may produce crystalli- 
zation in supersaturated solutions. Yet we must point out even 
here that the crystalline character of these "crystalline elements" 
has been disputed by a whole series of investigators (see below). 

From these and other facts we may conclude that most sus- 
pensoids, that is dispersoids having a degree of dispersion of 6.10* 



' M. Traubc-Mengarini and .\. Scala, KoU.-Zeitschr., 6, 65 {19 

* J. Amann, KoU.-Zdtschr., 6, 235 (iqio). 

»L. Pelet-Jolivet and A, Wild, KoU.-Zdtachr., 3, 175 (11)08). 
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to 6.10^ are possessed of a crystalline disperse phase. But serious 
objections may be raised to the assumption that all solid disperse 
particles are crystalline as P. P. von Weimarn, for example, has 
idvocated. Thus, as mentioned above, the crystallinity of large 
masses of all solids under all circumstances has not been demon- 
arated experimentally. Even though most substances may be 
obldned in crystalline form, yet under many circumstances the 
"vectorial chaining together of the molecules" is so slight or so 
loose that vectorial properties are no longer observable. While it 
is true that proteins may be obtained in crystaUine form, yet the 
solid precipitates from protein solutions, except as produced under 
^ial conditions, exhibit no trace of crystallinity. Under such 
drcumstances it is therefore just as suitable to assume that the 
inteosity of vectorial chaining is zero as to postulate a '"latent" 
crystallinity. 

4- Dependence of Crystallinity upon Size of Particles. — There 
tfmains the possibility thai the general assumption upon which all 
tiiese indirect proofs of the crystalUne nature of the colloid 
ifi^wrse phase depend, namely, the retention of vectoriality in 
atrcmcs of dispersion, is not valid for the degrees of dispersion 
Iwe under discussion. From the behavior of liquids in the proc- 
ess of solidification we are compelled to assume that solids have a 
poative surface tension even though its etfects do not become 
Varly evident because of the great internal friction possessed by 
'■'ill substances. But, as will be discussed later, the surface 
I ' rg)- expressive of this surface tension increases markedly with 
■TV increase in the specific surface; in other words, a greater 
' niripetal force acts upon the molecules of highly disperse 
; articles than upon those of coarsely disperse particles. It seems 
not impossible that such a positive surface tension may produce a 
'Icformation in minute crystals, in other words, destroy their 
'triiciuTiiJ vectoriality by rounding off their corners and trans- 
■Tniing them into spheroidal bodies. As shown by the behavior 
' liquid crystals, the optical vectoriality, for example, of such a 
rliclc need not be destroyed in such a process. It could thcre- 
'" be possible that the free surface tension of sohd particles 
-:^'it attain values in extreme degrees of dispersion sufficient to 
■t;oy the vectorial chaining together of the molecules responsible 
■ crystallinity. An investigation of the influence of pressure 
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upon the optical properties of crystalline liquids would be of interesl 
in this connection. Further, it might be possible that a rdation 
exists between compressibility and vectoriality of such a natuie 
that easily compressible substances lose their structural vectoriality 
at lower degrees of dispersion than less compressible ones, etc. 

It is of importance that such an influence of the free surface 
tension which increases with the specific surface is not only con- 
ceivable theoretically but is often demonstrable experimentally. 
In fact the influence of this factor has been rq>eatedly observed 
in that most striking expression of the vectoriality of any system, 
namely, its crystalline form. As long known from microscopic ob- 
servation of processes of crystallization, small spheritai bodies 
(globulites) are flrst seen to appear which in no way resemble 
crystals.' It is only after these giobuUtes have attained a certain 
size that they assume crystalline shape. Cr>'stals with rounded 
edges are seen to appear, and so on.* According to Link, Franken- 
heim, Vogelsang, Behrens, Quincke, BiJtschli, and many others, 
crystals are often formed by the coalescence of these fHtcrosco^icaUy 
isotropic globulites, from which there then result " margarilcs," 
"honeycombs," etc' It would be of interest to determine whether 
other changes in the vectoriahty of these primary crystals, more 
particularly changes in their optical properties, also develop as do 
the structural properties* or whether they exist from the first io 
even the smallest globulites. Such a microscopic investigation 
might perhaps be extended to ultramicroscopic refraction studies 

' See Wilb. Ostwald, Lehrb. d. allg. Chem., 2 Aufl. i, 1041. 

' Sec the bcautifu! micropholographs o( 1". P. von Wcimara in KolL-ZdUchr., 
a (1Q08). 

' Spkndid pbotograpbs uf such honeycomb sLructurcs of cystalline nuteriali 
are found in 0. Btitschli, Unlcrsuchungen Ubr r Strucluren. Leipzig, 1898. See tiso 
Ihc numerous, convincing observBtiona of G. Quincke (Ann. d. Phy&ik. (4),9, 1 
(1901)) as well as the earlier maDograpbs of H. Bebrens, Die Kmiailiten, Kid, i8^4i 
H. Vogelgesang, Die KrisUlliten, rfited by F. Zirlcel, Boon, 1875. \ partial repnnt 
o{ the early views may be found in O. Lebmann, Molekularphysik, i, 730, Lcipng, 
igoS. Especial reference sbould be made to the excellent observatioDS on AsAttin of 
C.Schmidt [Liebig'aAnn., 53, 171 (1845)! who observed a perfectly regulareiMlesoence 
of four dr(i]>lets. For a discussion of the vectorial arrangement of coarsdy dispoMd 
particles see R. KruUa [ZeiUchr. f. physik. Cbcm., 66, 116 (i^cg)!. W'ilh. OstMU 
[Lehrb. d. allg. Chem.. i, Aufl. i, 1040, Leipzig, 1903] also recognises theposMlnlltyef 
a "discoatinuous'' development of crystals from particles which were originsl^ 
spherical. But in the end, the question of the state of these "crystal embryo*" H 
still to be regarded as open (see p. 61, in the text). 

* It is important to note that we may not apply to all matter u vectoiuEqf 
observed photographically in the finest precipitates of some solid substances, fta 
degree of effect of positive surface tension upon form depends also upon the iutOBll 
friction, etc.. of the particles and ibis varies considerably in different cuei u b» 
denced by the so-called "liquid crystals." See in this connection the work «( P, P. 
von Weimam cited in the next footnote as well as the tcxi on p. 6i. 
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of colloids. If, for example, vectorial differences in the refraction 
coefficients of many crystals continue to exist when they become 
extremely small, then the same should be true of the corresponding 
refraction discs. An investigation of other properties of highly 
disperse solid particles, such as the thermal and electrical, would 
also be important. 

Attention should here be redirected to the conclusion reached 
above, that solid particles become mure and more like liquids 
as their degree of dispersion increases; and to the converse of this 
which P. P. von Weimarn among others has assumed to be the 
case. It therefore seems possible theoretically that a development 
of crystals may take place in that the "crystal embrj'os" are at 
first liquid and only later become solid as they enlarge, either be- 
cause of a "progressive" coalition of molecularly-dispersed particles 
or through a discontinuous union of submolecular phases. That 
such seems to be the case is evidenced by the investigations of the 
observers mentioned above. Wilhelm Ostwald (I.e.), in dis- 
cussing the analogous process of crystal formation in molten 
masses, even says : " The precipitation of the insoluble from liquids 
seems always to occur primarily^ in the form of droplets, that is, 
in the state of an under-cooled liquid." If the dispersion in such a 
system were to become fbfed at such, or more correctly, at a some- 
what earlier moment, a highly disperse system (among which 
colloid systems would be found) containing a hquid phase would 
result. In other words, at the beginning of crystallization a 
structural vectoriality would be lacking. Whether an optical 
vecloriality exists at this stage remains to be determined. Finally, 
it seems safe to assume that the form of development of crystals 
will also vary with the nature of the crystaUizing substance. 

It is evident from all this that the question of the maintenance 
ijf crystallinity, in other words the question of a complete vectori- 
ality of the disperse particles, more particularly of the disperse 
particles of solids in high degrees of dispersion,- cannot yet be 
settled with entire certainty. 

' The ilalicj arc mine. This view is also held by G. Quincke (.Ann. d. Phj-sik., 9, 
i«, etc.). 

* I*. P. von Weimarn, in a recent paper IKoll.-Zeitschr., 6, ji (igio)] holds that an 
influence of the dtgrcv of diapersion upon the form of solid particles only becomes 
eSeciJve If their siic is less than 5/1^. especially in the case of slightly soluble and 
difficaltly fusible materials. The basis for this is derived from a "purely kinetic 
viewpoint " dcpaitiral upon kinetic views regarding the physics of the various 
"debtees of orientation" of molecules in the body and in Ihe surface layers of a 
crystal. I confess that to me this argument is not convincing. 




GENERAL COLLOID-CHEMISTRY - 

5. Crystallinity of Emulsoids. — Since only a relatively small 
number of crystalline liquids are known, we may expect to 
encounter crystalline emulsoid phases but rarely. In fact, while a 
number of coarse emulsions having a crystalline disperse phase are 
known' not a single example of a crystalline emulsoid is known. 
This is in part due to the fact that it is rarely possible to make 
out optically the particles of a disperse phase and thus to investi- 
gate their vectorial properties, because of the slight difference of 
refraction between them and the dispersion means. It is of course 
not impossible that future investigators may demonstrate the 
eiJsteDce of dispersoids having a crystalline emulsoid phase. In 
this connection the behavior of crystalline liquids when near thai 
"clarification point" should be borne in mind (see the literature 
cited in the accompanying footnotes). 

It must further be remembered that all degrees or grades 
of vectoriality may be demonstrated, particularly in liqiuds.' 
Not only do we find examples of different degrees of structural, 
optical, etc., vectoriality among liquid crystals and crystalline 
liquids, but as shown by O. Lehraann, many different external 
(actors may influence the kind and the degree of vectoriality. 
Pressure and traction, the "adsorptive power" of soUds, magnetic 
influences, changes in temperature or of the solvent, the presence 
of other substances, etc., are all of importance. There are liquids 
which assume vectorial properties only under the influence of 
powerful external agencies. Thus, A. Cotton and H. Mouton* 
showed that certain organic liquids of high molecular weight 
become doubly refractive in a strong magnetic field. Similar 
facts have long been known regarding many typical emulsoids,* 
such as concentrated gelatine solutions (jellies) when under the 
influence of pressure or traction. As is well known, all the 
contractile elements of living substance exhibit double refraction.' 
Here we deal with a lemporary ^■ecto^iaIity which exists only when 
certain systems are under the influence of transitorily active 

' See the numeruui examples in O. LehmaoD, Flilssiee Kristallc, Leipzig, 1906. 

■Seethe lecture of O. Lenmatin, FlUssige KristaUeunddieTheoricn desLebeoi, 
ig, Leipzig, iqo6. 

' A. Cotton and II. Mouton, Compt. Read., 141, 317, 349, etc. (1905). 

■ See the numerous eiamples investigated by G. Quincke, Drude's Annolcn d. 
Phy^., 7, 9, 10, II, i», i^, »5 {19M to igo4J. 

• A recent coraprchenstve presentation of these relations raay be found in W. 
Liigdmann, Ber. Bcrl. Akad. d. WtSi.. 694 (190O}. 
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agencies; or which is produced through the absorption^ of 
submiaoscopic anisotropic particles.' These systems would 
therefore be classed as possessing the lowest possible grade of 
vectoriality both with regard to intensity and to number of vectorial 
properties. From all of which it becomes somewhat arbitrary 
whether we will follow O. Lehmann* and P. P. von Weimarn* 
in describing such systems as possessed of an "artificial vectori- 
ality" and as "liquid-crystalline," or not. 

/H. Ambronn, Ber. d. D. Botan. Ges., 6, 229 (1888); 7, iii (1889); KoH.- 
Zdtschr., 6, 222 (ipio). 

* Details regarding double refraction in emulsoids will be found in a forthcoming 
diapter on the Optical Properties of CoUoid Systems. 

'O.Lehmann, Verb. d. D. phvsik. Ges., zo, 321 (1008); 10, 406 (1908). 

*P. P. von. Weimam, Koll.-Zeitschr., 3, z66 (1908). 
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GENERAL ENERGETICS OF THE DISPERSOIDS 

§13. Surface Energies 

I. Fonns of Energy Characteristic of Dispersoids.— The fore- 
going pages have dealt with the genera! and topographical 
characterization of dispersoid systems, more particidariy colloid 
systems. It is our next problem to discuss the more important 
forms of energy which play a rflle in these — for like all physical 
systems, dispersoids exhibit phenomena which are attributable to 
changes in their thermal, radiant, electrical, chemical, etc., energies. 
E\'idently, physical systems may be classified on the basis of the 
forms of energy which appear most frequently or most prominently 
in them. Thus, gases are best characterized by the behavior 
of their volume energies, while electrical phenomena seem to 
be especially characteristic of dilute salt solutions. The form 
of energ>' most characteristic of the dispersoids is directly deduc- 
ible from their definition. A development of much surface is the 
fundamental property of dispersoid systems. But the absolute 
value of this surface is a direct measure of the capacity 
factor of the so-called surface energies. One therefore antici- 
pates that the properties of these and of closely related forms 
of energy must play an important part in the dispersoids. 
Especially true is this of all changes in the dispersoid state which 
involve an increase or a decrease in the degree of dispersion; 
for according to definition every change in the magnitude of the 
surface must be regarded as the result of free surface energies or of 
their compensation by other energies, Wilhelm Ostwald pointed 
out the importance of the surface energies for the theory of 
colloid phenomena even before their dispersoid character was 
established on theojetical and experimental grounds. 

2. Surface Energy of the First Order. — Surface energy as 
usually discussed is made up of two components; a capacity factor 
as measured by the absolute surface, and an intensity factor as 
measured by surface tension. This type of surface energy en- 
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Wrors to decrease the surface of a system if free energy is 
available. For reasons to be discussed in the succeeding para- 
graphs we shall call this, surface energy of Ihe first order and its 
intensity factor, positive surface tension. Its most important 
properties are the following. 

If surface energy of the first order is freed in any way it is 
changed into other forms of energy, especially heat, the surface of 
the system decreasing at the same time. Conversely, if heat is 
introduced into a system capable of developing free surface energy 
of this order, the surface tension is decreased. Roughly, the 
decrease in surface tension is proportional to the increase in tem- 
perature. If an electric surface is produced, in that two phases 
having different electric charges which are not permitted to 
neutralize each other are brought in contact with each other, 
the surface tension of the phases decreases. Further, the value 
of the surface tension varies with the chemical character of the 
phases which are in contact with each other. General laws re- 
garding the relation between magnitude of surface tension and 
chemical character of the phases have not yet been discovered. 
The surface tension of a dispersion means may be lowered or raised 
by the molecular-disperse or colloid subdivision of a phase in it 
(for details see page 140). The value of the total surface tension 
of dispersoids is dependent upon the age of the surface. If the 
disperse phase lowers the surface tension of the dispersion means, 
the value of the tension decreases with time; but if the disperse 
phase increases the surface tension of the dispersion means, little 
or no change is observable. The ultimate value of the surface 
tension attained after a longer period of time is called the static 
surface tension, in contradistinction to the dynamic surface ten- 
sion observable in freshly produced systems. We shall discuss 
the reasons for such changes later. Details regarding positive 
surface tension and the many methods of measuring it with its 
correlated surface energy of the first order must be sought in 
text-books of physics and physical chemistry.' 

3. Surface Energy of the Second Order. — For reasons which 
we are unable to discuss in detail here we are compelled to recog- 
nize the possibiUty of the existence of another form of surface 

' A meiit and in pan exhaustive presentation of the relation of posilive surface 
IcniioD to other physical and chemical lactors may be found in H. Freundlich, Kipil- 
laichcmie, Leipzig, iQog. 
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energy, namely, surface energy of the second order. As is well- 
known, two forms of volume energy are characteristic of gases: one 
which is transformed into other varieties of energy when thevolxune 
of the gas increases, and a second which is analogous to surface 
energ)' of the first order in that it also is converted into other forms 
of energy when the volume of the gas decreases. The intensity 
factor of this second, less well-known form of volume energy is 
the so-called '■internal pressure.'' In liquids this attains a value 
estimated at several thousand atmospheres. Reasoning by anal- 
ogy we may suspect that a form of surface energy exists which has 
the tendency to change itself into other forms of energy whenever 
the surface of a system increases. The intensity factor of this 
type of surface energy might be designated expansive or negative 
surface tension. What evidence is there for the actual existence 
of such a second type and are we familiar with phenomena which 
may advantageously be explained through its properties?' 

As a matter of fact, certain phenomena are known which 
can only be explained by assuming the existence of such a surface 
energy of the second order — an expansive surface tension. These 
are the increases in surface which occur in strictly diphasic 
systems. 

The simplest and clearest expressions of an expansive surface 
tension are observed when small volumes of liquid, such as drop- 
lets or streamlets, are electrified. The phenomena have long 
been known under the names "electric heart," "electric fountain," 
etc." The accompanying Fig. 9 taken from O. Lehmann illus- 

• We frequently encounter in the literature, as in the writings ol Maxwell, Mens- 
brugghe, Wilh. Ostwald, Fuchs, van't Hofi-Donuan, M. Heidenliain, J. Perrin, L. 
Micbaelis, F. Haber, etc.. discussions of the possible existence of, and of the effecti 
of the intensity factor of Ibis kind of expansive surface tension. Since the be|^- 
ning of 1905, partly without the knowledge of the studies of these authors and 
partly before tlieir papers appeared, I have occupied myself with this concept of 
surface energy of the second order. Since it led to conclusions which were somewhat 
surprising and far reaching, I did not dare to publish a monograph entitled " Untei- 
sucbungen zur Theocie dec OberSacheu- una Volumenenergien" even though tihe 
manuscript had been revised for the third time by the summer of 1905. It has been 
revised and enlarged several times since then and its contents subjected to ri^ 
reexarnination. Because similar views have been frequently expressed, and encour- 
aged by scientific friends, 1 have at last decided to publish these investigations, evco 
though far from complete, under the title, "Die energetische Atomistik. Untcr- 
sochiingen «ur Theone dec Oberflilchen- und Volumenenergien" (Theodot SUio- 
topff, Verlag, Dresden). Further details regarding the properties of surface eueisj 
of the second order and its r61e in dispersoid systems may be found there. 

'Regarding phenomena of this tj^e see O. Lehmann, Molekula rphysik, t, 
in, Leipzig, 1888; H. Fieundlich, Kapillarchemie 111, 255, 36o,Ldprig, igog. jt 
do Dot, of course, agr«e with the theories of the latter which differ funduaentiBj 
from mine; see Wo. Ostwald, KoU.-Zcitschr., 7, 141 (1910)]. 
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trates the "disruptive" surface increase against turpentine which 
liquid (molten) sulphur shows when electrified. The left-hand 
figure shows the effect of a weak, the right-hand that of a strong 
charge. The liquid sulphur surrounding the rod-shaped electrode 
DTSt assumes conical shape at the tip of the electrode (this already 
means increase of surface) and then breaks up into individual 
droplets. Through strong electrification several such "points of 
discharge" all showing the same behavior, may be produced. 
When the electrode is placed in a vertical position, the charge is high 
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^^BS. 9. — Inciease in surface, when electrically cliarged, of melted si 
^^F turpentine oil. (After O. Ltkmaiin.) 

V The left-hand figure shon's Ihe effect of a neak, the right-hand, Ibc effect of a 
nronger charge. 

and the liquid has little viscosity, the phenomenon of the "electric 
fouDtain" is produced (see the figure in O. Lehmann's volume). 
The "electric heart" is the name applied to the changes in form 
obscr\-ed when the volume of liquid is weakly electrified (see the 
point of the electrode in the figure to the left). 

Such increases in surface have also been observed when 
solid phases are brought in contact with liquid ones even when no 
electric energy is available. Of recent investigations of this prob- 
Ion those o( M. Traube-XIengarini, A. Scala,' and J. Amann' 

»M. Traube-Menttarini ami A. Scaia, Koll.-Zeitachr., 6, 65 (j ,. ,. 
1. * J. AnuiDD, Koll.-}Cdt5chr.,6, 23s (rpio). For other examples sec thepara^taph^ 
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deserve special mention. These authors were able to observe 
microscopically and ultramicroscopically the breaking up of 
coarsely disperse particles of lead or iodine, in a suitable medium, 
into smaller but not amicroscopic (molecular-disperse) particles. 
J. J. von Kossonogow' found that electrification promoted these 
effects. Another striking illustration of an increase in the surface 
of a "solid" phase is seen in the production of lead sponge from 
lead plates when a suitable current is passed through them (see 
pp. 71 and 8z). 

In complex dispersoids the phenomena characteristic of an 
expansive increase in surface remain essentially the same, but 
they are complicated through the simultaneously occurring 
changes in concentration and secondary chemical effects. Expan- 
sion phenomena are observed when fatty acids come in contact 
with alkaUne solutions; when cholesterin, etc., come in contact 
with various pure solvents, etc. The so-called "myelin forms" 
produced under such conditions will be discussed later. 

If we bear in mind that all possible transitions exist between 
coarsely disperse, colloid, and molecular-disperse solutions, we 
are driven to the ultimate and, perhaps, most important conclusion 
of all, namely, that the process of molecular or "true" solution is 
also to be regarded merely as such a spontaneous and extreme 
increase in surface in a diphasic system.^ 

iig (1910) where earUer pubticfttions m 



'J. J. Kossonogow, KoU.-Zeitaclir., 7, 

' Even the most modeni [extbooksof physics state that tiiG only phy^cal requin- 
ment for solution resides in a reduction of the positive surface tension to Kero. But 
this really tells us noihio^ concerning the character of solution, for to prove the 
absence 01 an energy potential gives no clue to the source of the work necessary for 
solution. Especial emphasis, therefore, must be laid on the experimental proof of t 
spontaneous increase in surface in fu'u-phase systems. Surfaceincreasesdue to three 
po^tive surface tensions have long been noted in three-phase systems (as in the 
^reading of oil on water). Regarding the view that solution is a chemical procos 
consisting of the formation of compounds of solvent and solute in indefinite propor- 
tions, we need only remark that this assumption, even if correct, does not explain the 
extraordinary increase in surface which occurs in the process of solution. Bui this 
increase in surface is by de&nition a phy^cal process which like all other physical 
phenomena depends among others upon the chemical properties of both phases but 
also upon their electrical, thermal, etc., properties, all of which influence theextent of 
the surface increase. No chemical conception of the process of solution, whatever its 
nature, is able to explain why a given soUd (say tannin) dissolves as a eoUtiid In 
one solvent (water) and as a mehcular disptrsoid in another (alcohol). If we Tcgatd 
"divbion" of a dissolved substance as the characteristic of both coUcud 
ition becomes physical 
ions noted above) wbcB 
free surface energy of the second order is derived txdusivdy or mainly from chemical 
energy. The solution of metals in acids is an example of this sort. For detaila tee 
the book announced on p. 6S. 
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Regarding the remarkable fact that separate particles are 
formed immediately in the expansive increase of surface in the 
case of solid phases (with the exception of lead sponge) while a 
progressive increase is often observed in liquids, and for further de- 
tails regarding the conditions for molecular subdivision, see p. 77. 
4. The Relation of Surface Energy of the Second Order to 
Other Forms of Energy. — Since the concept of expansive 
surface energy is an unfamiliar one, it is necessary to discuss 
briefly its relation to other physical and chemical factors. Theo- 
retically, many properties of this surface energy of the second 
order may be predicted, and this on the basis of the fact that 
the two types of volume energy show in most respects a reciprocal 
behavior. Thus, positive surface tension decreases as a rule with 
increasing temperature; conversely, expansive surface tension 
should increase when the temperature increases. This require- 
ment is satisfied by the general increase in solubility which sub- 
stances show with rising temperature. Lead forms spontaneously 
a colloid solution in distilled water at room temperature, while 
sOver and platinum do so appreciably only when boiled (M, 
Traube-Mengarini and A. Scala, /.c). Further, the positive 
iuriace tension of a system falls if a difference of potential is 
established at its surface; the negative surface tension should 
increase under such circumstances. That such is the case was 
repeatedly demonstrated in the earlier paragraphs of this book. 
An increase in surface may be eEEected very generally and often 
strikingly by different electrical means, as in the production of 
colloid solutions from non-disperse phases^ {electric synthesis 
of the colloids). As already mentioned, but few quantitative re- 
btioQships have been established between the surface tensions of 
diSerent substances. A similarly great variation should therefore 
*5isl in the values of the expansive surface tension. This re- 
lairement is satisfied in our tack of stoichiometrical generaliza- 
tions regarding both the molecular- disperse and Ibe colloid 
xJubility of substances, etc. 

These remarks may suffice to demonstrate the justice of assum- 
ing the existence of a surface energy of the second order with the 
described properties. We shall accordingly make use of this 

pi in the special parts of this book. 
MSetWo, Oitwald, Koll.-Zcilschr., 7, ij3 do'o). 



< 




72 GENERAL COLLOID-CKEMISTRT 

§14. Dependence of Surface Energies upon Specific Sui&ee 

1. General Considerations. — Relations exist between the 
surface energies and the s/iape of the phases at tlie boundaries of 
contact. These are extremely important. First, as regards 
surface energy of the tirst order: As is well known, 
most striking effects appear in systems which have markedly 
curved surfaces or which, when possessed of plane boundaries 
enclose a relatively small volume. The so-calJed capillary 
phenomena in the strict sense of the word illustrate the 
influence of the markedly curved surface. The effect of the 
second factor is illustrated in the relation which exists between the 




^'apillary rise and spi-cilic surface. 



height to which a liquid ascends between two glass plates which are 
in contact with each other along one edge, and the thickness of 
the layer of the liquid and of the gas above it (see Fig. 10), 
The thinner the layer, the more definite the capillary phenomena, 
that is, the higher the ascent of the liquid. The general effect of 
the influence of the curvature as well as of the thickness of the layer 
of -the liquid upon the magnitude of the surface energj- of the first 
order is expressed in the relation between the surface energy and 
the specific surface of the phases. Thin or markedly curvedlaycrs 
of a liquid are manifestly possessed of a relatively greater absolute 
surface than equivalent volumes of thicker or less markedly curved 
layers.^ An increase in surface energy in any given volume is 

>The same is truo of structures in which two dimensions are very smad 
(threads, etc.). 
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therefore produced whenever more absolute surface is devel- 
oped or the spedfic surface is increased. 

When we apply this conclusion to typical dispersoids we find 
that a given volume of the disperse phase, absolutely considered, 
contains more surface energy than the same volume of the same 
substance in a non-disperse state. But the total amount of 
surface energy of a single particle is also relatively increased. 
Thus, when volume and mass are decreased to ^ looo by decimal 
subdivision of a cube (see Table i), the surface of one of the re- 
sulting cubic particles is only decreased Jioo- The greater the 
degree of dispersion, the more surface does the disperse phase 
"contain." In fact we may say that when the disperse phase 
is so finely subdivided that the diameter of the individual par- 
ticles is only twice that of the sphere of action of molecular forces, 
it "consists only of surface." Evidently the shifting in any sys- 
tem of the relation of the different kinds of energy to each other 
in favor of those found in surfaces must have a fundamental 
influence upon the character of these systems. 

This growth of the surface energies with increasing subdivision, 
and their extraordinarily great importance in, dispersoids having a 
high specific surface may be further illustrated as follows:^ If 
the "internal energy," that is, the total energy of a system minus 
the surface energy is designated by /, and the surface energy by S, 
then the total energy of the system equals / + 5. The quantities 
of energ>' comprised under the name "internal energy" (for 
example, kinetic energy, chemical energy, etc), are proportional to 
the volume ii, while the surface energies are proportional to the 
surface s, in other words. / = iv and S = ts when i is the internal 
energy of the unit of volume and / is its surface tension. The total 
energy T of a system is therefore T = iv + ts. If now we consider 

T 
the total energy of the unit volume = T„ in other words, if we 



divide the entire equation by v we obtain To = i + 
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is small, that is, if the specific surface of the system is small, the 
second member is also small and may be neglected. This is the 
; in most of the physico-chemical reactions hitherto investi- 

:, Leipzig, 1909. The above 
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gated in which interest has chiefly centered upon part i of the total 
energy. But if v is kept constant and s is increased, as in the 
subdivision of a given cube for example, the second member may 
grow tremendously in value. If the subdivision is very great, 
part i. which is proportional to the volume, may disappear alto- 
gether in comparison with the value of the second member which 
becomes infinitely great when v = s. Under such circumstances the 
total energy of the system consists almost entirely of surface 
energy and all its activities are characterized by the properties of 
the latter.^ 

2. Surface Energy of the First Order and Specific Surface. — 
Illustrations of the relations between surface energy of the first 
order and specific surface were given above. Another example of 
such a relation is the fact that the height of ascent of a liquid in a 
capillary tube is inversely proportional to the diameter of the tube; 
in other words, the product of the height of ascent and the diameter 
of the tube is a constant. This means that if the diameter of the 
capillary tube is reduced by half, the height of ascent of the liquid 
is doubled, and if the former is decreased to one-tenth its value, the 
magnitude of the latter becomes ten times as great. If we write 
the surface energy of a cube with an edge i cm. long as i, the 
surface energy of the same cube colloidally subdivided (so as to 
have cubes with lojxp edges) amounts to a million when we assume 
that the surface tension remains unchanged. 

3. Suiface Energy of the Second Order and Specific Surface. — 
Since the surface encrg>' of the second order contains the absolute 
surface of a system as its capacity factor, we would imagine thai 
its effects should also increase with increase in curvature, decrease 
in thickness, or increase in degree of dispersion. Is there any 
experimental evidence for this? It is found in what is called the 
influence oj the size of the particles of solid substances upon their 
solubilily. As Wilhelm Ostwald,' G. Hulett,* and others have 
shown, substances in a finely dispersed state, as produced by tritu- 
ration for example, are more soluble than those in a coarsely dis- 
persed state. Hulett found finely triturated mercury oxide to be 
more than three times as soluble as coarser pieces. The solubility 

' See p. qO for the interesting conclusions deducible from this discussion. 
' Wiih. Ostwald, Z. t. physik. Chcm., 34, 496 (1900). 

'G. Huletl, Z. I. physik. Chem., 37, 385 (1901): see also Hidett and Allen, 
Juurn. Am. Chem. Soc.. 14. OG? (1902). 
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of a highly triturated powder as determined by conductivity 
measurements amounted to 0,694 raillimols (150 rag. per liter). 
An especially interesting series of experiments of this kind were 
carried out by Stas in the year 1870 regarding the solubility of 
the different "precipitates" of silver chloride.' Stas found that, 
depending upon the experimental conditions under which it is 
obtained, silver chloride assumes the forms: i. "gelatineux; 2. 
caseeux, flocconeux; 3, pulverulent; 4. grenu, ficailleux, crystallin 
fondu ; " and that the solubilities of these modifications, the degree 
of dispersion of which undoubtedly decreases in the order given 
below, was as follows: 

1 . Flocculent silver chloride 0.0140 gram per liter at 20°. 

2. Powdered silver chloride 0.0060 gram per hter at 17°. 

3. Granular silver chloride o.oooi gram per hter at 15". 

4. Granular silver chloride 0.03 gram per liter at loo". 
The solubihty of the granular preparation had to be measured at 
100" because it is too slight at room temperature to be determined 
analytically. The solubility of the gelatinous chloride could not 
be determined because of the difl&culty of separating it in this con- 
dition from the fiuid in which it is precipitated and on account of 
its instabihty. 

A still older observation of this kind was made by Thomas 
Graham.' Graham found that silicic add jeUies of different 
concentrations have different (maximum) molecular solubihties. 
Thus, only two parts of the silicic acid of a i per cent, jelly formed 
a molecular-disperse solution in 10,000 parts of water, only one 
part of a 5 per cent, jelly, and even less of the more highlycon- 
centrated jellies. But silicic acid is a typical emulsion colloid, that 
is, its degree of dispersion changes with variations in concentra- 
tion. Concentrated jellies are presumably less disperse than the 
more dilute and so have a lower molecular solubility. 

In harmony with the above-sketched conception of solution 
as 3 process of extreme increase in surface produced by a free 
expansive surface energj', it is evident that such influence must 
act by effecting an absolute increase in surface energy by increas- 
ing the specific surface. Such a relationship is rendered plausible 
by the fact that the "artificial" breaking up of a substance 
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preparatory for solution already represents surface work which 
is later saved in the process of that further surface increase which 
we call "solution." 

An interesting observation apparently contradicts this concep- 
tion of an increase in the surface energy of the second order of a 
system with its degree of dispersion, yVccordJng to the concur- 
rent statements of R. Zsigmondy,' J. Donau^ and The Sved- 
berg' colloid gold is only slightly amalgamated, if at all, by nie*^ 
cury. But this is really a question of solution velocity, not of 
maximum solubility. Besides, this case should not be compared 
with what was said above, for in the amalgamation of colloid gold 
by mercury we are dealing with a triphasic rather than a diphasic 
system ; furthermore, an absolutely necessary preliminary condition, 
namely, contact of the two phases is absent. This must first be 
produced by shaking, etc.. and is presumably hindered by the fact 
that surfaces, especially when markedly curved, arc surrounded by 
liquid films having special properties such as great tenacity, etc., 
which must be broken before direct contact of the phases and solu- 
tion may take place (see later). 

4. Dependence of Stirface Tensions upon Specific Surface.— 
Besides this influence of the specific surface upon the absolute and 
relative amounts of the surface energies, there exists another be- 
tween the latter and the shape of phases encountered when equiva- 
lent but differently constituted surfaces are compared. TIus 
relation depends upon the circumstance, which has both an experi- 
mental and a theoretical basis, that the direct effects of the sur- 
face energies extend to a certain depth on both sides of the mathe- 
matical surfaces of contact. 

In curved surfaces such subsurface effects of the surface 
energies may weaken or strengthen these, depending upon the 
convexity or the concavity of the cur\'ature as well as upon the 
nature of the phase. Thus, in a surface which is coiivexly curved 
with regard to one of the phases and which has a positive surface 
tension, the subsurface effects may strengthen each other in the 
"convex" phase while they weaken each other in the "concave" 
phase. Since we must believe that these subsurface effects are 
produced by the surface energies or that, conversely, the latter are 
' R. Zdgmondy, Liebig's Ann., 301, 37 (iSgg). 

* J, I>onau. Monatshefte f. Chem., a6i sag (" 

• The Svedberg. KoU.-Zcitschr., 5, 333 UBOj). 
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the result of changes in the constitution of one pJiase produced by 
contact with another, this mutual weakening or strengthening of 
the subsurface effects must have a reciprocal influence upon the 
jurface energies, more particularly upon their intensity factors, 
;l!e surface tensions. If the simultaneous and opposite strength- 
i aings and weakenings of such subsurface effects produced 
through curvature of the surface do not completely neutralize each 
other, the surface tension of one and the same surface may assume 
different values, depending upon its curvature. 

Special relationships arc encountered when the curvature is so 
great or when the particles are so small or when a layer of one of 
the phases is so thin that the layers in which the effects of the sur- 
face energies still manifest themselves come very close to each, 
other or into actual contact. As is demonstrable through molecu- 
lar physics^ and on thermodynamic grounds,' the intensity 
factors of the surface energies change much under such circum- 
stances. This variableness of the positive surface tension in sys- 
tems having small dimensions has been demonstrated experimen- 
tally by the work of Reynold and Rucker' on soap films. Since 
we have no direct method of measuring negative surface tension in 
systems having small dimensions, experimental demonstration of 
its variableness has not yet been possible. For its indirect de- 
termination molecular dispersoids, or better, ionic dispersoids 
might be used. Special attention might be directed to the prop- 
erties of very dilute or extremely ionized solutions of electrolytes 
Id their conductivity or viscosity peculiarities, and these might 



§15. Reciprocal Effects of the Two Surface Energies 
(Theory of Dispersion and Condensation) 



I. Genial Consideraticms.^ — Ordinarily, only progressive varia- 
tions, tliat is to say, uninterrupted increases or diminutions in 
surface are considered when the phenomena of surface tension are 

•See Lord Rayieigh, Phil. Mag. (5), 30, 47s (latjo). 

f W, Gibbs, Thermodynamische Studien, 274, Leipzig, iSga; van det Wuals snd 
Ibuunun, Lchrb. d. Thermodyoamik., t, 207, Leipzig, 1908. 
■• Reynold aod Rucket, Phil. Trans. Roy. Soc. London (a), 171, 447 {1881); 174 
J (1S83); m. 627 (1886); 184, SOS (1893). See also P. Drude, Ann. d. Physik, 

i «. »58 ('89'); Johnnott, Phi!. Mag. (s).47. So« (iSgg); (6), 11, 746 («9«S); 

■Btl, Ann. d. Physik. (4), 13, 712 (1904), etc.-, also A. Foe kels, Nature, 43, 43; 

'fti; Lord Rayieigh, Phil. Mag. (5), 48, 331 (1899). 
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discussed. While the coalescence of liquid droplets when they 
come in close contact with each other is usually attributed to a sur- 
face tension effect, such processes are less satisfactorily explained 
on such a basis alone than is, for example, the contraction of a soap 
film. Conditions when droplets are in "close" contact are highfy 
complex in character (see later). An analogous difficulty is 
encountered when a progressive increase in surface gives way to 
droplet formation. We have before us here the general problem: 
Under what conditions does a progressive variation in surface be- 
come discontinuous? It is evident that this question is of special 
importance in the dynamics of the dispersoids, more particularly 
in that of the colloids, for these are produced either by increasing 
the dispersion of slightly disperse or non-disperse systems, or by 
condensing maximally disperse (for example, molecular) systems. 
2. Discontinuous Increase in Surface. — The simplest case of a 
progressive increase in surface is encountered when we observe the 



n-n-O^r ~^-n-n-n 



Fic. II. — Spontaneous changes in shape of drops on a plane surface. 

form of different sized droplets of a non-wetting liquid such as 
mercury resting on some solid support like a glass plate (see 
Fig. ii). The smaller the droplet, the greater its relative (specific) 
surface and the more completely does it retain a spherical form (o). 
Larger droplets become flattened by their own weight (6), in other 
words, they increase their absolute surfaces spontaneously, for their 
smallest possible surface would also be spherical. If we attempt to 
enlarge the volume of the droplet on the plate by adding more 
liquid to it, the droplet becomes progressively flatter until at a 
maximum volume, different with different liquids, it breaks up 
into several smaller droplets. Thus, with ordinary materials it is 
not possible to make a coherent droplet, that is, a continuous 
layer of more than about 25 cc. of mercury on a glass or porcelain 
surface.' An analogous phenomenon is offered in the well-known 
fact that cylindrical deformation of a given volume of Uquid can- 
not be produced after a certain maximum value has been attained, 

' It is not denied tbatthioner.continuouslaycr^ of mercury might be prepared by 
oilier methods or by using very pure materials. 
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BHtbout having the liquid thread break. We need but call to mind 
the difficulties which must be overcome in the preparation and 
progressive deformation of fine mercury threads in the making of 
thermometers. Subdi\ision of the droplet of mercury may be 
fadiitated by increasing its absolute (and specific) surface " arti- 
ficially" through the introduction of energy from without as by 
pressiog upon it with a glass plate as shown in Fig. ir c. This 
increase in surface, which is entirely analogous to that produced 
through gravity, leads to a dispersion of the drop into droplets 
which are at first irregular in size, but which approximate the spher- 
ical more and more as they become smaller. 

Analogous phenomena are observed when a drop of rancid 
oil is placed upon a very dilute alkaline solution in which it changes 
its shape "spontaneously" and finally emulsifies itself; or when, 
at a temperature of 40°C., a crystal of cholesterin is introduced 
into a solution of bile salts.' As soon as the frogresj^JM deforma- 
tion associated with increase in surface has attained a certain 
value it becomes discontinuous and the process called "dispersion" 
begins. This may also be clearly observed in the electric dis- 
persion of liquids. We need but recall the facts illustrated in 
fjg. 9. A weak electric charge produces only a deformation 
and enlargement of surface, which when a stronger charge is 
given becomes discontinuous and so gives rise to droplet forma- 
tion. That a progressive increase of surface may also take place 
in the "spontaneous" production of colloid and molecular dis- 
persoids is indicated by the appearance in them of "solution 
figures."' One can also easily see that the greater the positive 
surface tension of a drop of liquid as compared with that of the 
medium in which it is placed, the more easily will its dispersion 
be accomplishable. Thus, on the same glass or porcelain plate 
a drop of water, or better yet a drop of ether, may be spread into 
a much thinner continuous layer than a drop of mercury. The 
corresponding surface tensions are: ether, 16.5 (at 20°), water, 
70.6 (at 20°), mercury 436 (at 15°). A somewhat simpler method 
of demonstrating this relation between the discontinuous en- 
largement of a surface and its surface tension is to deform liquids 
by causing them to flow through a capillary tip (see Fig. 12). 

■ H- Schadc, Kolloidchem.Beilicfte, I, 377 (rgio). 

'See (he carliET compilaLioo in O. Lehmann, Muletularphysik,, t, 48i,Ldp2i||!, 
■338; where striking illustrations may also be seen. 
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While ether and water may flow through such a tip in a fine strea 
(fl); mercury passes through in the form of droplets (6). 

It must further be pointed out that, as far as knovra, all 
phenomena of dispersion are connected with movement of the 
resulting disperse particles. It is evident that such spatial 
rearrangements of the disperse particles, in other words, these 
"dispersion movements" are to be separated theoretically from 
the process of dispersion itself, in other 
words, the increase in surface. They are to 
be considered as phenomena secondary to 
the transformations of energy which pro- 
duce dispersion. Regarding the more inti- 
mate relationships between the intensity of 
these movements and the dispersive forces, 
only suppositions may be made, for no exact 
investigations of them exist at present. 

It is of interest to consider the fate of an 
excess of free surface energy of the second 
order when the presence of a large amount 
of surface energy of the first order prevents 
its transformation into an increase of surface. 
It seems plausible to assume that such energ)' 
may then react upon the liquid dispersion 
means in such a way as to transform its ten- 
of^Uquids"^fsU^^"a) *'°" '"*° * pressure acting upon its surface 
and of great (i) aurfacc layer (seepagcgi). This assumption is sus- 
trom iTvcsmi" tained by the well-known fact that the 

boundaries of a liquid surrounding another 
phase show those special properties which have given rise to the 
conception of "liquid films." We shall often refer to these 
(see page 87). 

3. Theory of Dispersion. — All increases in surface are regarded 
in this volume as expressions of surface energy of the second 
order. The work necessary for such transformations is made 
up of the product of the magnitude and of the tension of the 
surface. It is therefore by definition surface work. From this 
point of view all increases in surface, whether produced through 
gravity, through pressure or compression, or by any other r 
in other words, all processes of trituration, pulverization, 
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minution, etc., are only expressioDs of this surface energy of the 
second order and differ from each other only in the nature of the 
sources of the energy employed in bringing about the increase. 
As prniously emphasized, not only mechanical energies but also 
heat and electrical energies may be transformed into surface 
energy of the second order, and by this means lead to an increase 
of surface. Since the increase in surface is always the same, inde- 
pcndcDtly of the nature of the energies employed to bring it about, 
it must remain the characterizing feature of these phenomena. 
If we consider one of the simpler effects of surface energy 
of the second order, as the deformation of a drop of liquid by 
its own weight, with regard to its possible effect upon the surface 
energ)- of the first order, we reach the important conclusion that 
iht decrease in the free surface energy of the second order when 
converted into an equivalent of other energies through the in- 
crease in surface, increases the amount of surface energy of the first 
tritrin the system, for the quantity of surface energy of the first 
order in a system is proiiortional to the absolute surface when 
tie intensity factor of tension remains constant. If tension is 
constant — which is certainly the case in the non-disperse and 
coarsely disperse systems to be first considered— the amount of 
surface energy of the first order increases with every decrease of 
tie other surface energies. This is true for example when the 
lurface of a liquid drop is progressively increased. But there is 
no reason for assuming that the increase in surface energy of the 
first order is always equivalent to the decrease of expanave 
surface energy. Experience shows (see the above-mentioned 
oamples) thai when certain increases in surface arc brought about, 
Ife increase in surface energy of the first order is greater than the 
ttmate in surface energy of the second order, for as soon as there 
odstB an excess of contractile surface energy the surface of the 
pvea volume becomes discontinuous. The equilibrium between 
the two energies which is "dynamically" displaced by a slight 
<lEfomiation of the surface is destroyed as soon as the amount of 
surface energy of the first order produced, more than compen- 
ai« for the decrease of expansive surface energy. Equilibrium 
*ffl not be reestablished until the liberated amount of contractile 
tula/x energy has been transformed (into heat for the most part), 
> diange which can be accomplished only by an accompanying 
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diminution In surface. Since the expansile tension prevents ^ 
diminution of the volume as a whole this tendency toward dim-' 
inution can on)y be satisfied by a subdivision of the volume into I 
smaller parts, for then only can both requirements be fulfilled at 
the same time, on the one hand the increase in absolute surface as 
demanded by the expansile tension, on the other the decrease in: 
absolute surface as demanded by the contractile tension. Sub-: 
division is the only possible result; or to put it in another way,: 
the reciprocal effects of these surface energies must lead tOi 
subdivision. | 

Dispersion, or the conversion of a progressive increase in surface 
into a disconlinuous one is characterized energetically by a liberatioft, 
of positive surface energy brouglit about by an excessive development of' 
absolute surface through Ike ejects of expansile surface energy.* 

4. Consequences of the Enei;getic llieoiy of Dispersion. — 1£ 
the suggested conception of dispersion is correct, a number of 
deductions therefrom must be capable of practical support. 

It follows from what was said that, neglecting certain transi-; 
tjon phenomena, dispersion should set in suddenly as soon as a, 
defim'te amount of deformation has been induced, for discontinu- 
ous increase in surface corresponds to an intersection point of two; 
changes in energy. We should expect to encounter espedaUy; 
clear examples of such "critical" points when increases in surfaced 
are produced by the transformation of other energies into surfaco 
energy' of the second order, for then a better control of condition^ 
is possible than in the spontaneous increases in surface. As aj 
matter of fact, such "critical" points have long been recogm'zedj 
especially in the electric dispersion of liquids and soUds (sea 
above and later). There exists, for example, a so-called "disin'i 
tegration tension" in all the known electric methods of making 
colloid solutions,* at which the dispersion of the previously! 
non-disperse electrodes suddenly begins. J 

Further, the critical point should vary with the value of thfl 
positive surface tension, in other words, with the value of ths 
free surface energy of the first order of the substance to be dis-j 
persed. As a matter of fact, the greater the positive surfacd 
tension of the substance to be subdivided, the greater is tha 

' A ma [he mi Uc^ lormulalion of the conditioDS necessary for 6isf — ' '*^ 

M of surface energy will be given in the new book I have 
» Sec Wo. Ostwftld, KoU. Zeitschr., 7, 13J (1910). 
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amount of surface energy of the second order consumed, in other 
words, the greater must be the amount of electrical energy, for 
example, that must be introduced into the system. These 
deductions are supported by the well-known fact that progressive 
increases in surface which do not immediately >-ield disperse 
s)'stems are observed more commonly in liquids than in solids. 
.\s a rule, large quantities of energy are necessary to produce an 
increase of surface in liquids and then they do not usually 
yield disperse systems at once. As already mentioned, only 
certain solids like lead show progressive increases in surface. 
We may explain this interesting difference between solids and 
liquids by the well-known fact that solid phases possess a greater 
poative surface tension than liquids as indicated by the pro- 
gressive increase in surface tension of cooling, molten substances. 
The transitional beha\-ior of substances like lead is also in harmony 
with this view. 

When we apply this to the question of the disjiersive effects 
of equal quantities of surface energy of the second order upon 
5ul)5tances having different positive surface tensions, we find that 
ilu greater lite, positive surface tension of tlie substance to be sub- 
iixidfd, the greater the degree of dispersion of the system. This 
brings up the question: under what drcurastances can we obtain 
ihe highest degree of dispersion in one and the same substance? 
The answer to this is not that we must have present the greatest 
possible amount of free surface energy of the second order. Were 
tiiis the case then the degree of dispersion of a dispersoid would 
liive to be proportional to its solubility and this is by no means 
lie case. To produce a maximum degree of dispersion a maximum 
of free surface energy of the first order must also exist in the system. 
either to begin with as in solids, or as the result of an especially 
peat increase produced through an increase in surface. Hence, 
niolecular-disperse systems will be formed when the two surface 
energies acting between solvent and solute attain the physical 
oiaxinium. To the important consequences of this characteriza- 
lioa of "molecules" in the terms of surface energies for our con- 
o^tiom of the structure of matter we shall return later (see 

At it here be mentioned that F. G. Donnan' followmg a 
BiF. G. Donnan, Z. 1. physil;. Chcm,, 37, jjs ('90O; 461 >97 Hfloj). 
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suggestion of J. H. van't Hoff, has constructed a capillary theory 
of colloid solution in which he also uses the concept of "nega- 
tive" surface tension. He proceeds from the fact mentioned 
above that in very thin layers of a liquid the surface tension of a 
particle is no longer independenl of the thickness of the layer. On 
the basis of theoretical considerations which originated with 
Gauss, he concludes that in layers of such critical thickness lie 
thicker layers tend to spread and become thinner while the tluniier 
layers lend lo shrink and become thicker. The resultant consti- 
tutes an equihbrium yielding the stable "critical particle." It 
is evident that this interesting theory' differs fundamentally 
from that outh'ned above in that the sphere of action of the 
expansile surface tension is assumed to He only within the "layCK 
of critical thickness" or the "spheres of molecular activities." 
According to our view one may observe the effects of expanse 
surface tension macroscopically. just as one may observe the 
effects of positive surface tension in coarsely disperse systems, and 
all independently of the thickness of the layers of particles involved. 
Moreover, Donnan's view compels him to assume a qualitative 
difference between colloid and molecular-disperse solutions which 
is unnecessary in our conception," It is also hard to conceive ol 
the increases in surface until the sphere of molecular activities is 
reached in Donnan's theory. "It is hard to conceive just what 
happens. Apparently the solid substance spreads into O (the 
solvent) in extremely thin layers or in the form of thin branching 
threads. It should be noted that the solid colloid is not in an 
(fx/'/ostPc state, for dispersion takes place only in the thin surface 
layers so that the process of 'solution* of the colloid need not be 
a rapid one, etc." (Donnan, I.e., 1901, p. 738)- The progressive, 
macroscopic, microscopic and ullmmicroscopic increases in surface 
of diphasic systems discussed above show that the energetic 
theory is easily capable of filling this gap, 

5. Discontinuous Diminutions in Surface. — When one discusses 
discontinuous diminutions in surface one must bear in min d that we 
deal not with diminutions in the surface of the indi'siduai particles 

>It*should also be noted tliat F. G. Donnan in his first paper (1901), outlined* 
more kiaetic theory of colloid solution in that the state of dispersion was regnrded u 
theresult of two opposed "molecular streams" occurringin the surface, These proc- 
esses also take place only "within the molecular spheres of action," 

*See p. 1.14 concerning the "saturation point" of colloids postulated by Donnui. 
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of a dispersoid butwiththe decrease in the sum of the surfaces of all 
the particles in the dispersion means. As a rule, such decreases in 
total surface are produced by approximaUon or coalescence of the 
individual smaller particles into larger ones. It is important to 
note that such decreases need not take place only through con- 
densation Cagglutination, agglomeration, coalescence, etc.). Slight 
decreases in surface may be accomplished when for any reason 
elongated or flattened particles become more spherical. Tend- 
encies toward such progressive reductions in surface are en- 
countered when dispersoids are cooled. So far as known, the 
positive surface tension between two (homogeneous) phases 
always increases with decrease in temperature. Under such 
conditions irregularly shaped particles would therefore tend to 
become more spherical with fall in temperature. Yet the 
amounts of such internal diminutions in surface would at all 
times be small. 

The "condensation" type of diminution in surface is important 
in determining the properties of disperse, more particularly of col- 
loid systems. It shows itself in coarsely disperse systems in the 
coalescence of emulsified particles, in the formation of threads and 
flakes from microscopic precipitates, etc. It may be observed 
ultramicToscopically in coUoid systems as a union of ultra- 
microQS to form crystalline or non-crystalline particles. In 
molecular-disperse systems the process of "crystallization" is 
encountered, attained at times only after passing through an 
intermediate stage {see above). Generally speaking, such con- 
densations are produced by the same means which accomplish 
their dispersion, only different intensities, concentrations, etc., 
have to be used. Thus, while electric energy has a dispersive 
effect, removal of the charge leads to condensation, especially in 
colloids. On the other hand, under proper circumstances and 
with certain charges, condensing effects may be accomplished 
electrically, as in the coalescence of electrified droplets.^ Changes 
in temperature within certain limits and additions of foreign, 
especially ionized, substances have similar effects. Mechanical 
treatment, hke sudden one-sided pressure, may also bring about 
condensation, especially in coarsely disperse systems. 

When we study a simple case of condensation, as the coa- 

> See Lord R»yleigb, Prec Roy. Soc-, London, a8, 406 (1875); 34t '3° (1881). 
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lescencc of two liquid droplets, we find it hard to follow the transi- 
tion changes from the origiaal state to the final. Coalescence 
usually takes place very rapidly so that the two droplets suddenly 
become one, though it may still be possible to obsen'C the con- 
tractile effects of the positive surface tension in the movements 
of the surface. _ To study such processes of condensation in 
detail it is best to use drops of viscid material' which consume more 
time in the process. The intermediate phenomena, which we 
shall find of special theoretical importance, may then be studied 
to better advantage. 

Intimate contact of the droplets of a system with each otier 
seems to be an absolute pre-requisite for coalescence (as well IS 
for the union or clumping of solid particles). The droplets must 
be brought so close together that t/ieir surfaces have at least ont 
"point" in commoti. To put it another way, condensation 
of two particles can occur only when their surfaces are conUnuoiu, 

OO CO O O a 



even though such surface continuity be limited to a single poinL 
It should be noted that we mean a "physical" and not a "mathe- 
matical" point, in other words, a structure at present unmeasnr- 
able but nevertheless of finite dimensions. Such a point, greatly 
"magnified" and fixed at the beginning of its development shows 
itself as a cylindrical or doubly coniform neck, as illustrated 
schematically in Fig. 13 taken from L. Michaelis. This con- 
necting piece broadens during coalescence until complete con- 
densation is attained. 

Sometimes (especially in viscid and in solid disperse particles) 
another type of contact may be encountered which does not 
correspond with the description just given. Here the particles 
also approach each other very closely but do not come in direct 
contact. In other words, while fixed to each other they are 
nevertheless still separated by a very thin layer of the dispersion 
means. The adhesion of iron filings to magnets or of powders 
to hot objects, etc., are macroscopic illustrations of such contacts. 

' See J. Loeb, KoU.-Zeitschr., 3, 113 (igoS); L. Michaelis, ibid., 4, 5$ (1909). 



GENERAL ENERGETICS OF THE DISPERSOIDS 87 

The precipitation of coarse suspensions (of kaolin, quartz, etc.) 
illustrates the same phenomenon in a disperse system. It is 
probably characteristic of such "flakes" that the individual 
particles in them are separated from each other by a distance less 
than the diameter of the surface tension fihns. Figure 14 repre- 
sents the matter diagrammatically. Even though the individual 
particles in this type of contact are not in themselves continuous, 
lie liquid membranes of iheir surfaces are (see Fig. 14). Be- 
cause of this difference it seems well to distinguish between the 
wo and to designate the former as condensation while the latter 
belter called "aggregation." Evidently aggregation may often 
lead to condensation, and conversely aggregation may be assumed 
to constitute a precursor of condensation. 
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Fic, 15. — Appearance preceding co- 
agulation in a concentrated gold boIu- 
tion. (According to H. Sidcilopf.) 



As is well known, special means have to be employed to 
biing about such intimate contact or continuity of surfaces. 
One of the chief factors which tends to prevent this is the fact 
that the dispersion means (gas or liquid) exists at the phase 
surfaces in a denser state, has in other words a so-called surface 
viscosity. These envelopes act like the vapor envelopes about 
the drops of liquid formed when water is poured on a hot surface; 
they cause a "repulsion" of the particles when they meet acci- 
" dentally and so tend to prevent their coalescence. These phenom- 
ena are closely related to the processes of "wetting" touched upon 
above. Stress was laid upon the importance of these envelopes 
in phenomena of condensation early in the history of colloid- 
chemistry. Thus, J. M. van Bemmelen wrote in 1888: "/ think 
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it possible that titc formation of the flakes which are precipitated in a 
liquid is dependent upoit a change in the surface tension of the liquid 
membranes surrounding the colloid particles, of such type tlutt tkse 
membranes between the particles are torn at some point, thus per- 
mitting the particles to form aggregates."^ 

The condensation of disperse particles is connected with 
phenomena of movement just as is their dispersion. These 
"condensation movements" consist of a mutual approach of the 
particles and are also a necessary preliminary for their contact 
and coalescence. In fact these movements precede contact. 
The first demonstrable changes in a process of condensation are 
therefore kinetic in character. This fact is of importance for the 
theory of condensation. 

The appearance of such condensation movements is not a 
mere theoretical assumption but a necessary conclusion derived 
from the experimentally observed behavior of disperse systems 
before and after processes of condensation have occurred in them. 
Such condensation movements have actually been observed 
both microscopically and ultramicroscopically as illustrated in 
the accompanying Fig. 15 taken from Siedentopf.^ 

6. Theory of Condensation.— If we attempt to analyze the 
processes of condensation from an energetic standpoint as wss 
done with the phenomena of dispersion, we discover that tbe 
former are more complex. In dispersion the phenomena of sur- 
face energy are the primary ones, while processes of movement, 
the formation of liquid films, etc., are secondary. But in the 
processes of condensation these different secondary phenomena 
must take place in reverse order before the surface phenomena 
proper come into play. Such considerations harmonize with the 
fact that phenomena of condensation and the means of initiating 
them are manifold in character as will appear later when we 
discuss the phenomena of coagulation. The theory of conden- 
sation therefore divides itself into two parts, first, to put it 
briefly, the means by which "intimate contact" of the particles is 
brought about, and second, the analysis of the processes taking 
place after contact has been established. Since a discussion of the 
different means by which the intimate contact of the particles is 

' J. M. van Bemmelen, "Die AbsorpUoo" Gesamroeltc Abhaudl., ii, Dresdeo, 
igi*. The cilalion is printed in italics in the original also. 

' See H. Siedcntopf, Verb. d. Dtsch. Pbyaik. Ges., igio, 25. 
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assured belongs to the field of special dispersoid and colloid- 
chemistry, this must be postponed. 

Subject to general discussion here are the changes which begin 
when the particles of a dispersoid begin to aggregate. This 
process is characterized by the formation of a common liquid film 
about the particles. Since this surface film grows smaller in the 
process of aggregation,' the whole seems to be produced through 
the action of surface energy of the first order. It is also clear that 
with any increase in the contractile surface energy the liquid film 
tends to push the particles closer and closer together until they 
come in actual contact. When we deal with liquids, coalescence 
of the particles then occurs as 
described above. In the case 
of solids (provided we are deal- 
ing with actual phenomena of 
condensation such as crystal 
formation) there is a coalescence 
of at least the solid surface 
layers. The action of the posi- 
tive surface energy in the latter 
case may be imagined as shown 
in Fig. i6. There results in all instances a decrease of the total sur- 
face separating the disperse phase from the dispersion means. 
The process of condensation is therefore to be regarded as the 
consequence of a transformation of surface energy of the first order. 
The greater the condensation, that is, the smaller the resulting 
absolute surface separating disperse phase from dispersion means, 
the greater the amount of surface energy of the first order that 
has been transformed. 

Processes of condensation do not always yield coarsely disperse 
or non-disperse systems but may stop when very different de- 
grees of dispersion have been attained depending upon the con- 
centration of the reaction mixture, as shown in the formation of 
precipitates in chemical reactions (P. P. von Weimarn). This 
variety in degree of condensation is analogous to the above-discussed 
variety in degree of dispersion under different experimental condi- 
tions, and must therefore have an analogous energetic significance. 
The degree of dispersion in a condensing system depends upon the 

' Set in this connection the citation o( J. M, i 
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amount of expansive surface energy present in it. The smaller the 
surface becomes by condensation, the greater must become the 
tendency of the expansive surface energy to counteract the diminu- 
tion of surface. The system becomes stable when an inlermediak 
degree of dispersion has been attained, in other words, when the 
surface energy of the second order balances the surface energy of 
the first order which is producing the condensation. The in- 
fluence of the introduction of other forms of energy upon the 
degree of condensation is analogous to the influence of these as 
discussed for dispersion on p. 82. 

A relation between condensation in colloids and surface energies 
was first pointed out by G. Btedig' in explaining a special form of 
coagulation. At an even earlier date P. Curie^ pointed out the 
role of surface energy of the first order in bringing about condensa- 
tion in molecular-disperse systems in processes of crystallization. 
It is remarkable that the important suggestions of this investigator 
have received but slight (or one-sided) development since they 
were first expressed. P. P. von Weimarn (whose numerous 
papers appear in the Kolloid Zeitschrift and in the Kolloid- 
Chemische Beihefte) has also developed theories of condensation 
and dispersion which he believes to be so universally applicable 
that he would explain through them all known processes of con- 
densation and dispersion. A detailed account of his views cannot 
be given here. It should, however, be emphasized that no theo- 
retical conception of such processes can be formulated comparable 
in universality with the energetic one which must by definiUon 
always remain the broadest form in which natural phenomena may 
be described, P. P. von Weimarn in his theories of condensation 
and dispersion often makes use of moleculo-k luetic conceptions, 
in other words, he employs special expedients in the elaboration of 
his views.' 

' G. Bredig, Anorg. Fermente, 15, Leipzig, 1901. 

" P. Curie, BuU. Soc. Mb., 8, 145 (1885). 

■Objections may be raised against certain detailsof theaiguinent of this author. 
According to his theory, electrical methods o[ pulverization are explainable only u 
CondensatioD processes, which Is obviously wrong in view o[ the dispersing eSecU of 
electrical energy, described and illustrated on p. 69. Furthermore, he formulau* 
the basic idea of his theory thus: "When, for any reason, the intensity o{ the dis- 
solving forces increases on the surface of the dispersed particles, but doea not eiceed 
that value at which the velocity of crystallieaUonorof Kolulion becomes coDsiderable, 
tlieo the dispersed particles are pcptisiied (dispersed) by the disjiersion meuB." 
[Kalloidchem.Bcih., 1,398(1910)1. Icanseein this oidyk"trBnalation," and uotu 
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)x6. Influence of the Specific Surface upon the Relations be- 
tween Sxirface Energies and Other Forms of Energy 

1. Specific SurfaceandVolume Energy; Capillary Pressure. — 
The relation between surface energies and volume energies plays 
an important r61e in the phenomena observed in dispersoids. If 
the surface energies are not confined to a plane surface, in other 
words, if we deal with structures having a spatially defined surface 
or one which is curvedj then the two surface tensions exert pres- 
sure. To put it more correctly, the surface energies in such 
bodies, more particularly in curved surfaces, readily change into 
volume energies when opportunity for such change offers. Thus, 
in the positive surface tension of a markedly curved system the 
centripetally directed capillary pressure may bring about a change 
in the pressure. If we assume the particle to be spherical, the 
value of this pressure is inversely proportional to the radius and 
directly proportional to the surface tension. Analogous phenom- 
ena are encountered when the curved surfaces have a negative 
surface tension. As indicated above^ these relations between 
surface and volume energies may be demonstrated experimentally 
and are of course of great importance in dispersoids. It will be 
shown later that an increase in density due to positive capillary 
pressure may be demonstrated experimentally. 

2. Specific Surface and Changes of State. — The surface energies 

which dominate the behavior of disperse systems are also much 

influenced by temperature (and corresponding herewith, by 

pressure). Thus the vapor pressure of small droplets or particles 

is found to be greater, at a given temperature, than that of the same 

substance in larger masses. Smaller drops therefore tend to 

evaporate more easily than larger ones, wherefore, in a closed 

system these recondense' upon the larger ones. A lowering of 

the melting point of soUd bodies occurs when their specific surface 

is increased, just as does a decrease in the evaporation temperature 

anal}'sis of ihe process of disperdon, lor the assumption of "dissolving forces" and 
of B relation of these to other processes constitutes the problem of dispersion but does 
DOI solve it. These objections, however, are not valid if von Wcimarn's theories are 
limited Eo condensation and dispersion phenomena produced by chemical means. As 
rill become la.ter evident, the theories of P. P. von Weimara agree throughout with 
the phenomena observed In this particular field. 

' Wilh. Ostwald, Grundr. d. altg Cfaem., 4 Aufl., Leipzig, 1909, p. 533. 

» Wilh. Ostwald, Lehrb. d. allgem. Chemie, i Aufl. n,»,36a;Z.f.phyHi 
M, 189 (1897). 
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with increasing specific surface. Thus P. Pawlow' found dusts o( 
salol, antipyrin, etc., to melt at a temperature some 7° lower than 
larger particles. He calculates that in the case of salol, a depres- 
sion of the melting point of 2.8° about corresponds to a hundred- 
fold increase in specific surface. A far-reaching influence of the 
specific surface or curvature is indicated also in the phenomena of 
solidification or freezing of homogeneous systems. According to 
Miiller-Thurgau,- filter paper, moistened with distilled water, 
freezes at— 0.1°, while a clay sphere, moistened with water, 
freezes, according to Bachmetjew,' at —0.7°. These figures are 
not simply so called under-cooled values for water, but indicate 
freezing temperatures after such under-cooling is ehminated. 

In these processes of evaporation, of melting and freezing, a 
number of energies change. Positive and negative changes m 
volume and density take place, solid bodies acquire, on meltiog, 
free surface energies of the first order, the optical properties change, 
etc. For these reasons it is, as yet, not possible to show the 
relations which exist between single energy changes and the 
simultaneously appearing changes in the surface energies, the effect 
of which increases with increasing specific surface. 

3. Specific Surface and Electrical Enei^. — The relatiom 
between electrical energy and surface energies must also change 
when macro-heterogeneous are compared with disperse systems. 
Th. Des Coudres^ showed that in harmony with our theory, a 
difference of potential between curved and flat surfaces of mercury 
may not only be proved experimentally but its value be ap- 
proximately calculated. Of the influence of an electrical potential 
opposing the positive surface tension, 0. Lodge' states that in a 
drop this influence increases inversely as Ihe fourth power of the diam- 
cler of tite drop. In this connection should also be mentioned the 
important study of H. von Steinwehr* who found that finely ground 
calomel, as used in the preparation of normal electrodes, shows 
a greater difference of potentiaJ toward its saturated solution than 
does the same substance when less highly dispersed. Further 



> MUllET-Thurgau, LandwirtachaftI, Jahrb,, 9, 176 (iSSo). 
' Bachmetjew, Z. f, nrissensch. Zoalogie. 66, 5S4 (iBgg). 
' Th. Des Coudres, Wiedcm. Ann. d. Physk. 46, »9« fiS^i)- 
» Wm. C. Mc. C. Lewis, Koll.-Zeitschr., 5, 91 (1909); also E, Hatscbek ibid., 7> 
:5s (1910). 

* H. von Stdnirelu', Z. [. Instrumeatenkunde, 35, 205 (1906). 
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tifltal principles, that the relations 
ul lilectrical energy would play an 
I he case of dispersoids. The majority 
.uJic place on the surface since electrical 
il, for example, tends to reside on the 
!OUs body. The electrical capacity of a 
ier 19 therefore about as great as that of a 
d body. Electrical energy will therefore 
1 reciprocal action with the surface energies, 
itc of these electrical phenomena in colloid 
apparent in the special parts of this book. 
hce and Chemical Energy.— Since colloids 
rogeneous systems, the general law of chemical 
I^GUch systems, may be applied to them. This 
Htnt of chemical change in the unit of time is 
9 the absolute surface (Wenzel).' This leads one to 
e of the extraordinarily large absolute surface in 
Amany reactions will occur more rapidly in them than 
■ogeneous systems. Such is, in fact, true. M. RaETo 
' found that colloid sulphur behaved toward silver 
t energetic reducing agent; while non-coUoid sulphur, 
I finely divided and obtained by precipitation of a 
, would not form silver sulphide in the cold. Even 
Irprolonged boiling this occurred only partially. The reactions 
precipitated metallic silver vary according to the size of its 
The coarsely dispersed "gray" silver, obtained by 
action with oxalates, is less sensitive to mercuric chloride 
I is the highly dispersed "black" silver, precipitated by 
hites, etc. (R. Liesegang, Liippo-Cramer).* Analogous rela- 
.t in the decomposition of hydrogen peroxide by platinum. 
e smooth platinum foil decomposes this compound slowly, a 
Iktinized" foil (one covered with finely divided metallic 
inum) does it more rapidly. When colloid platinum is 

ig and J. Telelow, Z. f . ElckLrofh., ij, 389 (1906)- 
» WUh. OEtwold, Grand, d. allg. Chemic, 4 Aufl., 33H, Leipzig, 1909. 
\. KmSo and A. Pieroni, KoU.-Zdtschr., 7, 158 (1910). 
r, Koll.-Zdischr,, 3, 3s 'iQoSi. 
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used, the effect is still observable, if there is but i gram-atom 
of platinum in 70 mill ion liters of the reaction mkture (or i 
gram-atom of colloid palladium in 26 million liters; or 1 gram- 
atom of colloid gold in one million liters),' 

Still greater surface effects are naturally to be expected when. 
as in the last example, we deal with phases having different specific 
surfaces, that is, having different surface concentrations in space. 
From the existence of capillary pressure and from the charges in 
density which result from this pressure we would expect an in- 
Buence upon the velocity of chemical reactions, for the speed of a 
chemical reaction is primarily dependent on the density of con- 
centration of the reacting components. Therefore, we would 
expect that the phenomenon of catalysis would be especially 
marked in colloid systems. The distinguishing characteristic 
of a catalyzer resides in the enormous change which it is capable 
of bringing about in the velocity of a chemical reaction. Thanks 
to the brilhant investigations of G. Bredig,' his students and others, 
it has been shown that many catalytic effects may be brought 
about by highly dispersed surfaces of all kinds, and that the 
especially important catalytic reactions of the organic ferments 
may be closely imitated by various inorganic materials in the 
colloid state, such as the colloid metals. We need in iilustratku 
but recall the catalytic effects on gases of a trace of platinum 
sponge, or platinum black as compared with the effects of a piece 
of smooth platinum foil. The great part played here by the 
specific surface, that is, the volume concentration of the surface, is 
also self -apparent. 

>G. Bre<Iig,Bioch.Zeitsclu'.,6, jij (1907); G. Bredtg and J. Teletaw, Z. f. Ekk- 
Iroch.. 11, 581 (1906); J. TeJeiow (abstract), Chem. Centr., i, 7g3 (1908). 

' G. Bredig. Anorganiscbc Fermente., Leip^g, 1901; further, the recent review of 
thcButhorinBioch. Zeitachr., 6, 383 (1907): here may also be found maoy references to 
the literature. The following according to Bredig, are the best connected presenttdons 
ofthefield. Bodlaendcr, Uber iangsameVerbrennuDg,Sluttgarl.i89Q. W.Ostwald, 
Grundr. d. allgem. Chem., 1909; Leitlinien der Chemic, 1906; tJber Eatalyse, Leip- 
ng, 1901; Natur-piiiiosophie, 190:. Sv. Airhenius, Immuoocbemie, Leipzig, 1907; 
Tfaeorien dcr Chemie, Leiprig, 1906. W. Nemst, Theoret. Chemic, 1909. W. Ha>, 
Lehre von der Reacktionsbeschlcunigung., Stuttgart, 1906. k. Hoeber, PhysikaJtidie 
Chemic der Zelle u. d. Gewebe, Leip/ig, 1906. E. Cohen. Physical CtemisUy f« 
Pby^cians and Biologists, Trans, by M. H. Fischer, New York, 1903; H. J. HaiB- 
burger, Osmotischer Druck u. lonenlehre L d. mediz. Wiss., Wiesbaden, 1904- 
G. Biedig, Elcmcnte der chemischen Kinetik, in Spiro u. Ashers Ergcb. d. Phyuol^ 
1903. Schade, Bedeutung der Katalyseindet M^izin. Kiel, 1907. M.Bodenstdn 
Chem.-Zeitg. a6, 1075. 190J. J. W- Meltor, Chemical Statics and Dynamics, Loo- 
don 1904; H. Freundlich, Kapiltarcbemic, Leipzig, 1909. Comprehensive present*- 
tions by Bredig appear in Oppcnheimer's Handb. d. Bioch. as well as in Bre^* 
Haodb. d. angewandt. physik. Chemle. 
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^^^ Closely connected with density changes of great surfaces are 
the so-calJed adsorption phenomena, which we shall consider in 
detail later. With these are also connected changes of a chemical 
nature and reaction accelerations. But since they cannot be 
discussed to advantage without a previous discussion of adsorp- 
tion itself, we must postpone the whole matter. Even now, 
however, we may point out that theoretically the amount of a 
reaction product ultimately obtained, in other words, the equilib- 
rium point in a chemical reaction, may be shifted under the 
influence of great spatial concentrations of the surface energies. 
as obtaining in dispersoids, for example.' If a chemical reaction 
occurs in the zone of contact between two phases, in which, for 
example, a positive surface tension is present, either of two things 
may happen. The surface tension may be either raised or lowered 
by the chemical change occurring in the two phases. In the first 
instance, the "chemical resistance," that is, the speed of the oppos- 
ing reaction, would be decreased through the consumption of 
energy necessary for the increase in the surface tension; in the. 
second, wherein the surface tension diminishes, an acceleration 
of the reaction would occur, for the free surface energy produced 
would now tend to change into chemical energy. Besides the 
increase in rate, there would also be an increase in the product of 
the reaction, since the amount of chemical energy available for 
its formation is increased by the amount resulting from the 
transformation of surface energy into chemical energy. A great 
^)ecific surface will therefore be able to shift the equiHbrium 
point of a chemical reaction just as does a rise in temperature. 
Wilh. Ostwald' has given a practical illustration of this.' If 
the solution of a salt of a fatty acid is brought in contact with a 
large surface, the fatty acid set free by hydrolysis tends to collect 
in the surface, that is, it concentrates itself there more than does 
the base. The hydrolytic equilibrium of the remaining solu- 
tion is thereby disturbed, and to reestablish it, more of the 

t J. J. Thomson, Applications ot Dynamics to Physics and Cbcinistry, 103, 134. 
Loudon (18S8); see also ttieeiten»iive discussion of this queslion but not one free from 
objection, by T. B. Robertson, Koll.-Zcitsdir.. 3, 49 (190S), and succeeding pages, 
especially, Part III. That tlie osmotic equilibrium between two molecular di&per- 
soids, and that the distribution of a. moleculariy dispersed substance between two 
phases depends on the specific surface of the phases has been proved Ihcorclically by 
F. KauSer, Zeitschr. f. physik. Chcm., 43, 6S6 (i^oSf. 

' Wilh. Ostwald, Z. 1. physik. Chcm., 61, 51; U908), 
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__ V ■^•irril"^^'^- Other phenomena of this class, espedallj 
.^^% --r.jids^'stems. will be discussed later. 
\- -z iocci'd be noted that several exceptions have beei 
' -s* n*!2eril rule that substances with large specifi 
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TTi ■*-.-:> ^^ permanganate. One is inclined to suspec 
""*"*■■ "\,.^- -: ji'.wr oxide coatings over the metallic particle 
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- -ahich inuTtVre with the action of the acid, rathe 

-:-cv5sf :hi> ^o bo an actual exception to Wenzel's la¥ 

"^•' * ^, \ • :he literature of colloid-chemistry, we encoxmtc 

* '^ . .-.-V-: :hAC v^vlloid solutions react '* sluggishly." In th 

"^ ^ .^ J.;x ;:>>ion. this statement is not correct when compar 

■'^' ^ji.x lv:wivn ioUoidally and coarsely dispersed system 

'^"^^ ' .^..^ A*"VtV*riMni is nuule with the rcacti\ity of molecula 

^*'' .^^^s J:>{vrsvnd>, it is. It has been proved with any tw 

""^ .^^^ ^x-'.VjHVMiig a dispersoid that the reactivity decrease 

"^^'^ .>,,2C\v> with divroasing degree of dispersion. In moleculj 

'^'^^ "^^^ ,v,xjvv>oids i!\ which it might be said that the dii 

ix-o^ ^vuMst ** almost entirely of surface," one woul 

->v vv-v\i *n\ cnv>nuous development of surface energie 

^^ ^ vv:vuvUxM>. i*uo is, as a matter of fact, reminded of the ol 

* '^^ ^^- viM">'.. •*i'o«l^^''*^ "^^^^ agunt nisi soluta." But the pa: 

"' ^ . >\ ihx* KluMuical energy resulting from the conversion i 

^^^ , ^-x^tU' duii!i>i i'liemical reactions in disperse system 

. t.Hx* x!v\\\aM* \>ilh increasing degree of dispersion. Whe 

***^ v»»»h' '•^* ^^''*' ^^*''* maximum degrees of dispersion, in oth 

^^ V ^^a*' uulnisihlo" particles such as molecules, atoms < 

^ Us M\*«^ ■ **»»^' tiuijlit develop a conception according to whic 

"" il u »^t»*'»»*'. 'l*»*^ »^' the union and separation of molecul< 






^" ,,u ,ix . u|Mcscm nuTcly the results of decreases in tl 
"" . . i»« >'»» p.niiclo uwolvcil. The dynamics of molecul 

^ ^^^.ni »i»*l c'.iviiallx the ctTccts of chemical energy can : 
^ ,^ .X M , » .Mm u» be \ ic\\c\l a> mere manifestations of the surfa< 

^^,^ ..I nM\ni\.»ll\ ^liNiHMM'd particles. The discontinuity' 
\.^ iu*t «" \xl»»*h ^^^' l>»^^^* al\va>s bclievoil aiul which has be< 

.v.. I \\\ \ \\\s'\\'' ^^a^*. then Incomes svniMwmims with the e 

. \|.)ii(.>-U Vi«»»» K'*»«'» IMix^u Duin . t>. 1- ^i,.'.-^j . 
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^V iitence of an immensely great absolute, as well as specific surface; 
' ind all changes in this discontinuity become connected with 
(.hanges in the amount of the surface of. pr of the degree of dis- 
flmtinuity in the substance, in other words, with changes in the 
apadty factors as well as the spatial concentrations of the surface 
energies.' 

5. ^lecific Surface and Radiant Energy. — The connection 
between specific surface and another type of energy, namely, 
radiant energy, is closely related to the chemical phenomena 
liijcussed in the previous division. Stas- found that the photo- 
chemcal sensitiveness of silver chloride precipitates increased with 
Iheir degree of dispersion. Corresponding to the scries given on 
p. 75, the sensitiveness to light increased from the granular, 
tbrough the powdered, up to the flocculent or cheesy. Interest- 
ingly enough, Stas emphasized that it is the latter type and not the 
"gelltinoiis" state of silver chloride which is most sensitive to 
Kght. Were we to assume, as does P. P. von Weimarn, that the 
gelitinous is only a continuation of the other varieties of pre- 
Q[8tates. in the sense that the precipitate in the gelatinous form 
represents merely a still liner division of the particles, but is 
otherwise of the same general character, is crystalline, for ex- 
ample, then the behavior observed by Stas would constitute a 
eontradiction of Wenzel's law. But not only the improbability 
of such an exception but many other reasons indicate that in 
gelatinous" silver chloride we are dealing with a system fun- 
'^mentaily different from that characterizing the other solid 
Pfedpiiaies. It is an emulsoid in contrast to the others which 
"■": suspensoids. 

These relations between photochemical sensitiveness and size 
' granules have often been observed since Stas's work and have 

'ThehiMoi^' of science teaches I hut we have always held lo Ihe theory ot thedis- 

iitinuiiy of matter, but that diSerent kinds of energy were in turn made responsible 

' ^rass«dated with the elementary rhangcs in the discontinuity. Distance energy 

■ ; riding and repelling forces) kinetic energy, and more recently, declrical energy 

''" in lum been associated with the discontinuity. It is of interest to point out 

'" ihis ekctricai theory of the structure of matter is closely allieii with the concept 

'^ thi surface energies arc the forces responsible for the elementary changes 

liKonlinuity, for, as pointed out above, electrical phenomena occur chiefly on 

■:ai«. It seems, therefore, but a further step in the same direction, if we 

"i'i surface tension and suriace energies to the "forces" already considered, 

"<tiiaf them areas widelv distributed and important ae Ihe dis 

ilwif, 

' Slaa, Kc K. t>rui.'kcr, EulL-Zi^^il^hr., 4, : 
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attained great importance in the practice of photography and in 
the preparation of photographic films.^ 

A more interesting, and perhaps more important discovery is 
the unusual one of E. Wedekind and H. Baumhauer* (together 
with Gockel) that the emanations of radio-active substances 
may be much increased it they are highly dispersed, as by being 
converted into colloid form. These authors succeeded in preparing 
radio-active thorium in colloid form. A comparison of the radio- 
activity of this thoriumsol with that of the metallic (coarsely 
dispersed) element, measured by the volt decrease per houc, 
showed the surprising fact that the radio-activity of a sol containing 
only 0.0235 gram was equal to that of a coarsely dispersed sus- 
pension containing o.iii gram. In other words, /Ac radio-activity 
of (he sol v^as 4.8 limes as great as that of ihe coarsely dispersd 
element. 

The extraordinar>- significance of this discovery* lies in the fact 
it has not as yet proved possible to influence markedly the emana- 
tion from a radio-active substance by any other means* as by 
raising the temperature,' evacuation, electrolysis, etc. A more 
striking demonstration of the great effect of the surface energies 
which come into play with increase in dispersion could scarcely be 
found than this singular effect of degree of dispersion upon tlie 
radio-active dissolution of the elements. Furthermore, this fact 
seems to indicate that the surface energies will come to play 
not only an important, but, in comparison with the other kinds of 
energy, perhaps a dominant part in a genera! theory of matter.' 

> See Luppo- Cramer, KoUoidcbemie u. Photographie (Dresden 190S) u wdl H 
the numerous tiapers of this author in Che KoUoid Zeitsclirifl. 

* E. Wedekmd and H. Baurobauer, Koll.-Zeitschr., 5, 191 (1909). 
' It was cot recognized by the authors themselves. 

' See the Textbooks on Radio-activity. 

' SeccaUy an insignificant influence of temperature has been observed (Ed^( 

* It would be a Eeat in colloid cbemietry to carry out analogous otperimenti Witt 
colloid radium salts. Since colloid, especially suspensold lystems exhibit tbdt 
characteristic properties with even minimal amounts of disperse phase, only sin»n 
amounts of radium salt£ would be necessary. One might Gist test out their prep*- 
ration by using the physico-chemicalty similar barium salts, and after having & 
covered a suitable "micro-chemical" method apply it lo radium. Gelatnuua 
radium sails could perhaps be prepared by methods analogous to those used by C 
N'cuberg and bis students (Koll.-Zeitschr., 2, 311, 354) on barium salts in alcoboGc 
tolveiits. 
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DISTRIBUTION OF THE COLLOID STATE AND THE 
CONCEPT OF COLLOID CHEMISTRY 

5i7- The Fundamental Independence of the Colloid State of the 
Chemical Nature of the Phases 

I. Statistical and Experimental Development of the Idea of 
the Universality of the Colloid State. — In the furthcoming historical 
portion of this work, it will be shown that the number of known 
colloid systems has steadily increased as colloid chemistry has 
fceloped. In Graham's time (1861) and even later, coHoidality 
i^is generally held to be characteristic of certain substances, but 
with the discovery of general methods of preparing colloid systems, 
it soon became clear that this was too narrow a viewpoint. At the 
present time, we may say that practically all solid substances have 
been, or can be prepared in colloid form by some method or other. 
P. P, von Weimarn, for example, has by a single method "con- 
verted" over two hundred different substances (salts, elements, 
ftc.) into colloids, Of course, different substances are changed 
into the colloid condition with different degrees of ease, but no 
decisive effect of the chemical nature of the substance whose 
dispersion is attempted has as yet been discoverable. 

Nor is the chemical nature of a dispersion means of basic signifi- 
cance in determining its ability to maintain a second substance in 
Ihe colloid condition. Even Graham knew that different disper- 
aoE media could mutually displace each other without destroying 
the colloid state. He was able to replace the water of a silicic 
add gel with alcohol, with sulphuric acid, etc. And while the first 
known metallic colloids were hydrosols, many metallic organosols 
(metallic colloids in various organic dispersion means) have 
recently been prepared. Among these are the sols of the alkali 
Ktals which cannot even exist in water (The Svedberg). 

r is the suspcnsoid or emulsoid character of a colloid 



^tetals which 
Br Kdther l. 
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rJetermintd by the chemical nature of the disperse phase. There 
exist inorganic as well as organic suspensoids. Generally speak- 
ing, the emulsoid slates are more common than the suspensoid, 
in the case of albumins, for example; but suspensoids are also 
found among these, as shown by their ready precipi lability throu^ 
traces of electrolytes, by their low interna! friction, etc. (see 
pp. 13, 13). As P. P. von Weimarn has shown in his fun- 
damental researches, the same substance may be obtained either 
in the suspensoid or emulsoid state (as a jelly) depending upon 
the conditions of its preparation. One and the same substaDce 
may also exhibit either a suspensoid or an emulsoid charac- 
ter depending upon the nature of the dispersion means, as 
Freundlich and Neumann have found in the case of dyes (see 
!'• 56)- 

Finally, one and the same substance may appear under different 
circumstances either as a crystalloid or a colloid. We need but 
recall the crystallization of albumin or, on the other hand, the 
production in colloid form of materials usually known only as 
crystalloids, such as common salt.' P. P. von Weimam {Ix.) 
recently showed that mere change in the concentration of the com- 
ponents o£ a reaction mixture sufficed to precipitate them either 
in colloid or crystalloid form. These facts show dearly the fun- 
damental independence of the colloid (and crystalloid) state, of 
the special chemical properties of the substances involved. 

Obviously, the growing acquaintance of investigators urith 
new colloid materials could not help but lead them gradually to 
recognize that colloid properties were not confined to specific 
chemical substances. The attempts of P. Rohland' in 1907 W 
tabulate colloid materials showed clearly how impossible was such 
a chemical viewpoint. The residt was entirely unsatisfactory. 
for the table included not only a heterogeneous lot of cbemic^ 
substances, but was incomplete. Conversely, however, it dem- 
onstrated the impossibility of coordinating satisfactorily chemic^ 
composition with colloid properties and brought home the fact 
that all materials may occur in the colloid state. But while this 
view was already beginning to be recognized in 1905 as a nec- 
essary' conclusion to be drawn from the rapidly increasing list of 
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ctdloid materials' it should be emphasised that P. P. voii Wei- 
mam (1906) was the first to express clearly and emphatically on 
the basis of these findings that the colloid, like the cryslalloid. is a 
niiiversitUy possible slate of matter. 

Although experiment shows the colloid sUite to be independent 
of the chemical composition of the phases, this does not of course 
mean that the properties of the dispersoids may not change with 
varying chemical composition of the phases. Examples have 
already been given which show that one and the same chemical 
substance may assume different types of dispersion with dif- 
ferent kinds of dispersion media. The usual view of this be- 
ha\-ior which holds the "chemical nature" of the phases respon- 
sible for the observed changes, may easily lead to error, for it 
is not the chemical properties, in other words, the analytical 
composition and the reactivity which determines that a sub- 
stance dissolves as a colloid or molecular dispersoid. but rather 
the different physical properties such as different "solubility" 
values, etc., in other words, the free surface energies which bring 
about the variations in degree of dispersion. Of course, these 
physical properties, like other properties are in good part de- 
pendent upon the chemical cumposition of the phases, and so 
change with chemical changes in these. Obviously the sta- 
bility, reactivity, etc., of a colloid must therefore vary with changes 
in the chemical composition of the phases concerned. But the 
chemical relations between disperse phase and dispersion means 
characterize the dispersoid just as little as the absorption or 
liberation of heat which always accompanies chemical processes 
completely characterize these, even though, as is well known, 
temperature influence.* them greatly. 

3. Universality of the Colloid State as a Necessary Con- 
sequence of Characterizing Colloid Solutions as Disperse 
Systems.— If it is granted that colloid solutions are merely repre- 
■>entatives of disperse systems and that their properties are deter- 
mined through a degree of dispersion which has both an upper and a 
Boiwer limiting value, it becomes self-evident that almost any desired 
^BBterial may be prepared in the colloid condition. Far as certainly 
at all substances have not an unlimited solubility in every solvent, 

; R. Zsigmon 
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referred to as "colloid" or "coUoidally amorphous," but 
place and relation to the normal or more coq;imon colloids has not 
yet been clearly determined. We shall term these structures in 
which disperse phase and dispersion means are chemically iso- 
meric, iVo£oW<?/t/j (isodispersoids). For those cases in which a single 
element (in allotropic forms) makes up the colloid system we may 
reserve the name allocolloids (allodispersoids).' 

Examples of isodispersoids, more particularly of isocolloids are 
coaunon in both inorganic and organic chemistry. As mentioned 
in the practical introduction (p. i) liquid colloids are especially 
apt to belong to ihegroupof liquids which behave ' abnormally." 

In spite of agreement in elementary analysis these structures 
day. through distillation for example, be divided into several 
fractions; in other words, they have no "constant" boiling point. 
Their internal friction often shows a remarkably high temperature ' 
toeffident, in other words, varies greatly with changing temperature 
(miztures of fluid polymers). Their so-called molar surface 
energy, that is, the value V^ .y {V = molar volume = volume of 
thegrarn molecular weight; 7 = the positive surface tension) is less 
Ihaa that of normal fluids (ussocialed liquids).^ They can at times 
be separated through centrifuging or even filtration, into a solid 
M semi-sohd phase and a hquid one. They betray their physical 
ieterogenedty optically, for they are turbid, opalescent, give a 
positive Tyndall eflfect, and in the coarser dispersoids, a "struc- 
ture" can be recognized microscopically. Among these systems 
Me found oils, waxes and different varieties of rubber, the higher 
fatty adds, the fractions of mineral oils which come off at high 
temperatures,' probably molten salts (which according to R. 
torenz* are strongly associated), and molten materials of other com- 
position, as phosphoric acid and arsenious acids, which on cooling 
iiverise to glacial forms. The name "glacial" indicates thatemul- 
*oid types of isocolloids occur, and our present knowledge would 
item to show that the emulsoid type is by far the more common- 
lie so-called "meta forms" of molten materials (which are not 

Of ibe avaikble pie&ies, eu, hylo, ^lo, auto, iso, etc., that of iso is perhaps the 

Fm details see the textbooks on Physical Chemisuy, for example With. Ostwald, 
' allgem. ChemJe, 4 AuS., Leip^g, igog. 

. .. _ diKUssion of their colloid properties see D. Holde, KoU.-Zeitschr., 3, 
(I9:<8): Z, f. angewandt. CheraaisS [1908); J. Schneider and J. Just, Z. f. WJs- 
h. Mifcroak. aa, 501 (1905). 
' R.l^tcDt, Z. f. phynk. Chem., 70, 136 (1910). 
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to be confused with the meta forms of dissolved materials, Uke 
the different stannic^cids) are particularly apt to produce jellies 
and glasses on cooling, as do such typical emulsoids as gelatine and 
agar. An especially instructive and lucid example is the system 
styrol-metastyrol, recently investigated by G. Posnjak-' Styrol, 
a hydrocarbon of the composition CsHs polymerizes spontane- 
ously on standing into (C^HjJn which, according to the degree of 
polymerization, has a jelly-like or glass-like consistency (metAS- 
tyrol). The polymerization can be followed quantitatively by 
measuring the internal friction which increases as the polymer- 
ization progresses. Interestingly enough this particular example 
shows what is also true of other substances, that light as well as heat 
favors polymerization (photupolymerization). When poIymeri»i- 
tion is complete the product (metastyrol) is hard and glassy, may 
be pulverized, etc. But the intermediate stages in the polymeriza- 
tion are nothing more than colloid solutions of solid metastyrol in 
liquid styrol. "If one adds to pulverized metastyrol an equal 
weight of styrol, the former gradually absorbs the latter. In the 
process the originally opaque powder becomes translucent and 
gradually changes into a homogeneous, gelatinous or jelly-Uke. 
viscid, transparent mass. If less styrol is added to the metastyrol, 
say only about a fourth as much of the former as of the latter, a 
transparent mass results which is not viscid, but glassy" (G. Postijak, 
Ix., 14), These changes are entirely analogous to those observed 
in the swelling of emulsoids. That, on the other hand, fluid colloid 
solutions may be obtained by employing an excess of the liquid 
styrol, follows from the unlimited solubility of metastyrol in styrol' 
as observed by G. Lemoine,' 

Sulphur* is a typical allocolloid, as are phosphorusand selenium. 

' G. Posnjak, Das Mclaslyrol tind die beiden Dislyrole. Diss., Leipzig, igio, 
* The different polymerisation or dispeiaion states of styrol are preserved even 
when dissolved in a chemically heterogeneous solvent such as carbon tetrachloridt. 
This is proved not only by the fact that, lite a typical colloid, metastyrol nfaeo tn 
solution, causes no rise in the boiling point, but also by the different reactivity 
observed in the different stages ol polymerization, When a drop of permaoganate 
solution, made alkaline with sodium hydroxide, is added to solutions of liquid stjntd, 
gelatinous &tyrol and Bolid metastyrol, having the same percentage concentrations, it is 
dccoloriied respectively in 10 seconds, in 40 seconds and 650 seconds (G. Posnjik, 
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■ G. Lemoine, Compt. rend., las, 530 (1897); lag, 715 (i?9o). 

* I have previously pointed out the great interest attached to a cotutdeit- 
tlon of the allotropic forms of sulphur from a colloid -chemical standpoint, EoIL- 
Zeitsehr., 7, 17: (igio). 
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swell known, the soft, plastic, translucent to transparent' form 
of sulphur obtained by cooling it rapidly has long been called 
colloid or "colloidally amorphous" sulphur. As the result of 
many investigations, we have been forced to assume the existence 
of several more so-called allotropk modifications more especially 
of two liquid forms of sulphur, designated as S,, and S,. When 
pure sulphur is heated one obtains the modification Sx which is a 
bright yellow, labile liquid, from the time the sulphur first melts 
up to leo^C, If the temperature is further raised the system 
again becomes viscid and its surface tension again increases. 
If this melted sulphur is cooled to 100° then as Malus, V. Hoffmann 
and R. Rothe, A. Smiths, etc.,= have shown a second liquid sulphur 
phase, S„ makes its appearance which gives rise to the so-called 
"insoluble" sulphur when the sulphur solidifies. Between 160° 
and about 270° in the range of the physical irregularities men- 
tioned above, the system is therefore allodispersed and it seems 
lo^cal to assume that at certain temperatures, a colloid condition 
is traversed. The physical characi eristics observed in the be- 
havior of sulphur remind us in many respects of the behavior of 
emulsoid colloids.^ 
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Zabchr., 6, 250 (1Q09). 

' Anetlended discussion of the work doneonsiilpliurup to igoi n' 
Wah. O&lwald. Lehrb. d. allg. Chem. i, Aufl. II, a, 449. See also ihe n 
pspeis of A. Smiths and his coworkers, Zeitschr. f. physik. Ciiem., 41, 4'ig (1903); 
5a, 601 (1905); 54i *?6 (1906): 57. 685, <x)i (1907); 61, 300 (1007); F. Hoffmann 
«odR.Kolhe,i*id., 55, 1 13(1906); 59, 448 (1907); H. R. KruyL, i*ft<d., 64, 513 (1908) 
nhere extensive references to iJie literature may be found; 65, 486 (i<^ol, etc. 

' I purpose publishing details regarding these analogies elsewhere. Here I would 
only point uut that sulphur melts bring to mind the critical fiuid mixtures such as 
those of butyric add and water, a fact which seems not previously to have been 
noted. Thus the viscosity curves in the temperature ranges where «n ononuilous 
behavior is noted [see L. Rotinjanz. Z. f. physik. Chem., 6a, 6og (igoSJl arc iden- 
ticU in form with the corresponding friction curves of aqueous critical Quid mixtures 
[J. Friedl2ndc!r, ibid., 38, 430 (:goi)!. .Attention shoultj also be called to the non- 
conclusiveness of the view that both Quid phases "cannot" exist in equilibrium 
above aad below the " transition " point (about 160°) because this would contradict 
the phase rule [see especially H. R. Kruyt,i.c.|. Asa matter of fact the apparently 
unlimited liability of critical liuid mixtures as proved by FriedlOnder's careful 
studies seems to indicate that "real" equilibria and not simply "dynamic" retaida- 
cions e«ist in the case of sulphur also. Those investigators, who assert that the 
eiiaUncc of true C((uilibri& would contradict the phase rule, forget that this rule 
holds only tf the natun ej lite pk-mcs is the lamt IkraHgkBHl their entire mass, or._ to 
quote Gibbs himself, only "if the changes of the shares of energy and entropy which 
arise from the surfaces between the heterogeneous masses, are so small in comparison 
irilh those which arise from these masses themselves that they are negligible. In 
s, we will exclude any consideration of the efTects of capillarity." [Thermo- 
e Studitin, Leipzig, t&gi, 75; see especially pp. Sg and 90 where the 
R lor the limitation mentioned above are given in greater detail. | But this 
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As shown by the photographic investigations of O. BiitscUH 
and A. Wigand,* highly dispersed solid systems of sulphur may 
also be produced. It would be of interest to extend these investi- 
gations into the ultramicroscopic realm of the colloids- This has 
been done by H. Siedentopf * for phosphorus which shows analogous 
separation phenomena under the inlluence of intense light.' 
White phosphorus, as is well known, is converted into red, by 
light. The intense light of a so-called "cardioid" ultramicroscope 
accomplishes this in a few seconds. Ultra-microscopically, a 
solidified drop of white phosphorus at first appears "empty," but 
almost instantly, upon illumination, white submicrons appear. 
These grow and combine through tendril-like extensions into a 
kind of network, and finally become red. According to these 
investigations white phosphorus, with a trace of red phosphorus 
undoubtedly represents a solid, at first perhaps, semi-solid 
allocoUoid. 

§19. MultipUcity of the CoUoid State of One and the Same Sub- 
stance. Example: Colloid Ice 

As a further evidence of the fundamental independence of the 
colloid state of the chemical character of the substance, and as an 

assumption of Gibbs as used in his general comsiderations of the phase rule is, of 
course, not true as 1 have repeatedly empbasifed, and as Cibbs himself has said, 
when we deal with disperse and more especially, colloid systems. Gibbs 
started with the aasumption that we could neglect thai part of the energy, etc., which 
originates in the surfacei between the heterogeneous masses. Such an assumption it 
fully justibed in many cases and for many purposes, or whenever the masses ait 
large; but when the masses are formed in or between materials of different nature or 
state, or are at the instant of formaUon infinitely small, such an assumption beeomei 
unreliable, for now the surfaces become infinitely large Bscompared with the masses. 
In answer to the question as to whether the phase rule holds for colloids, we may say, 
that a phase rule which recognizes only concentration, pressure and temperature u 
variables, is not going to be valid, but an elaborated one in which the degree of di»- 
persioD of the system is added will be. The same is true in dealing with electrical!; 
charged disperse phases, in which account must be taken of the influence of electricu 
energy upon the equilibrium of the system; for as is well known, the latter is not, ozU 
least not always, a function of ibe mass of the charged phase. Regarding the val- 
idity of the plu4e rule in colloid systems see J. M. van Bemmelen, IJie Absorptum, 
Ges. AbbaDdlgn.,347; Dresden, igio; A. Mittasch, Zeitschr.l.physik. Cbem,, 34,495 
(1900); G. Galeotti,i6irf..54, 727 (190s); P. Pawlow.iiiif., 75, 48(1910). InthcUU- 
named paper which appeared while these paragraphs were in press, the phase rule b 
broadened as suggested above. 

' O. BQtschli, Untersuchungen Qber Etrukturcn, Leipzig, 1898; Die Jilikrostruk- 
turen des estarrten Schwefels, Leipzig, iqoo. 

' A. Wigand, Zcilschr. f. physik. Cbem., 73, 751 (igro), 

' H. Siedentopf, Ber. d. dtsch. chem. Ges., 43, 693 (1910). 

' As is well known, sulphur also suffers an allotropic change under the inflneiice 
ol light (Daguib, Laliemand, Bcrthelot, Kankin, etc.; see H. K. Kniyt, 1^^ u| 
(1908). 
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example of the multiplicity of colloid phenomena that may be 
exhibited by one and the same substance, we shall consider the 
possible colloid forms of water, and those which have actually 
been prepared. As follows from the chapters on the influence of 
the degree of dispersion and of the type of the dispersed material 
upon the colloid state, the same chemical compound may give 
rise not only to one, but to a large number of colloid systems. 
If our view is correct, that only a certain intermediate degree of 
dispersion gives the property of a colloid, then it should be a 
matter of indifference, in the case of water, with which form we 
begin. From it we should be able to prepare all its various colloid 
states. That such is possible seems proved by recent investiga- 
tions (G. Quincke,^ P. P. von Weimarn and Wo. Ostwald,* H. 
Schade*). 

1. Isocolloids of H2O. — ^Let us commence with the isocolloid 
state. The following possibilities exist: 

(a) Solid ice (dispersion means) + water-vapor bubbles of 
colloid dimensions (disperse phase). Coarsely dispersed systems 
of this character, as the turbid or milky-white ice (milk ice) 
produced by refrigerating machines, are well known. It is 
probable that a more exact study of the relation between degree 
of turbidity or diameter of the bubbles and the conditions pre- 
vailing during preparation of the ice will acquaint us with systems 
showing a colloid degree of dispersion. 

(i) Solid ice (dispersion medium) + liquid droplets of colloid 
diameter (disperse phase). Considerations analogous to those 
discussed in the preceding paragraph hold for this case. G- 
Quincke (I.e.) regards it as the most general structure of solid, 
"amorphous" ice. 

(c) Solid ice (dispersion medium) + solid ice of a colloid 
degree of dispersion (disperse phase). That such systems exist 
is proved by the investigations of G. Tammann,* who, as a matter 
of fact, recognizes three or four different modifications of solid 
ice. According to G. Quincke (I.e.) the forms of ice described in 



G, Quincke, Drude's Ann. d. Physik,, 18, 1 



U905}. 



-. , , - .. -8,1: ( 

r. p. von Wcitnom and Wo. Ostwald, EoU.-Zeitsclir., 6, tSi (i^to). 
H. Schade, Koll.-Zeitschr., 7, 36 (igio). Seeolso the extended discussion of this 
le in Trans. Faraday Soc., 6, ifttg (igio). 

- U. Tammann, Zeitschr, f. physik. Chem., 69, 569 (T910); 73, 604 (iQio); Zeit- 
tdu. [. anorgan. Chem., 63, 283 (1909) where may be found (unher references to the 
litenlure on the diCereot modifications of ice. 
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the previous paragraphs, may, by lowering the tempcniture, by 
freezing at different rates, etc., be converted into the system dis- 
cussed here. 

(d) Fluid water (dispersion medium) -f water-vapor bubbles of 
colloid dimensions (disperse phase). Highly dispersed systems 
of this type are represented by the chemically homogeneous 
fluids near their critical vaporization tempera ture.s. Their 
fine turbidity or strong opalescence, their varying density, etc., 
etc., betray their colloid character.' 

(e) Fluid water (dispersion medium) + fluid water droplets 
of colloid dimensions (disperse phase). As is well known, water 
belongs to the strongly associated liquids, so that the formation 
of complexes and of polymeric molecules (polyhydrols) more 
especially at lower temperatures has often been called upon to 
explain its anomalies in behavior.^ Since modern theoreticians 
hold that this polymerization may be so great that they speak 
of the formation of "droplets" of the polymer in the non-asso- 
ciated liquid, it is easy for us to assume that colloid degrees of 
dispersion may be reached. H. Schade (I.e.) has, as a matter 
of fact, developed such a colloid-chemical theory of the con?- 
stitution of water, according to which, its behavior in many 
directions is shown to be analogous to that of well-recogmzed 
colloids. The observation of P. P. von Weimarn (I.e.) that sud- 
denly cooled water (induced by mixing with liquid air) is at first 
soft and viscid, brings to mind the beha\-ior of melted sulphur, 
when this is cooled to loo^'C. 

(/) Fluid water Idispersion medium) + colloidally dispersed 
solid ice (disperse phase). It cannot be definitely decided whether 
highly dispersed examples of this type really exist. Snow in 
water would represent a coarsely dispersed system of this type. 

(g) Water vapor (dispersion medium) + water droplets of 
colloid dimensions (disperse phase). Examples of this are found 
among the critical phenomena as in the liquefaction of water 
vapor. Such structures, usually called mists or fogs, play a 
great part in cosmic physics, where they arc known as clouds, or 
when in a coagulated state, as rain (P. Pawlow).* 

' See, for example: J. P. Kuencn, DieZusUndsglcicbung, ,u. Braunschweig, 1907, 
• See H. Schade for (eferences 10 the iileralure on this subject. 
'P. Pawlow, KoU.-Zeitschr., 8 (igii;. I abo pointed uuE that these coMUC 
structures are examples of dispersed or colloid systems [Koll.-Zeitschr., i, igi, 331 
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^F {h) Water vapor (dispersion medium) + coJIoidally dispersed 
ice (disperse phase). Such systems are obtained as fine srujws 
when fogs are rapidly cooled below their freezing point. Their 
optical properties, which remind us of the Tyndall effect of col- 
loid systems, are observable on winter nights, when the moon has 
a halo. The fact that in winter we deal with fine particles of 
solid ice explains why the halo is then more marked than in sum- 
mer when the mists are liquid in character. 

2. Chemically Heterogeneous H«0 Colloids.— When only the 
dispose phase consists of water, while the disjjersion means is 
another substance, then as in the case of the water-isocoUoids 
eight colloid systems are possible. The water must of course be 
insoluble in such systems, or at least but slightly soluble, otherwise 
molecular dispersoids result. It is an easy matter to take up these 
eight possibiHties and parallel them with what was said before, 
and to find examples for the different types. Of especial interest 
are the ice colloids of the composition liquid + gas, hquid + 
liquid and liquid + solid, in other words, the aqueous colloid 
"foams," the aqueous eraulsoids and the ice suspensoids. In the 
known examples of the first two of these classes, we seem again to 
\ie deaUng as a rule, with complex dispersoids, in that the gas 
bubbles obtained, say, by sudden diminution of pressure in an 
alcohol-water mixture {champagne or charged water constitute 
crude examples), usually consist of a mixture of several gases (water 
vapor, alcohol vapor, air, carbon dioxide, etc). More decisive 
experiments could, of course, be arranged.' The commonest 
illustrations of highly dispersed water are also found in complex 
systems, as in phenol-water, mineral oil-water, etc. Such sys- 
tems, as a rule, are rather unstable, their instability increasing 
with the partly of the liquids employed. The stability may 
be greatly increased by adding substances like saponin, soap, 
gelatine, etc. 

Finally, highly dispersed colloid systems of the composition 
liquid + solid, in other words, ice suspensions and ice suspensoids, 
Iiave recently been prepared. Such systems are obtained when 
rganic liquids in which water is only slightly soluble in molecular 

9 loams sec Wo, Ostwalii, 
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form are rapidly cooled while thus saturated with water. Ether, 
xylol and espedally chloroform have been found suitable for this 
purpose. Depending upon the amounts of water dissolved, the 
rate of cooling, etc., systems of varying degrees of dispersion are 
produced, the turbidity of wlUch is the less, or the opalescence 
(yellowish -blue) of which is the greater, the more highly dbperscd 
the ice phase which separates out. Under favorable conditions, 
these mixtures coagulate spontaneously after standing some 
40 minutes,' in the form of snow-white flakes or '"cream," which 
rise to the surface of the liquid. The addition of certain sub- 
stances like resins, the salts of fatty acids, etc., greatly increases 
both stability and degree of dispersion. By rapidly chilling chloro- 
form saturated with water to — 30°, ice dispersoids maybe obtained 
which pass through filter paper (Schleicher and Schiill, 60a. extra 
hard). This indicates that the ice particles are less than iji 
in diameter, in other words, that they are already within the colloid 
range of dispersion. 

The possible colloid forms of water are not exhausted by these 
sixteen types. It was pointed out on pp. 35, 44, etc., that 
colloid systems assume different properties with differences in the 
relative proportions of disperse phase and dispersion means. 
This is especiaUy true when very dilute colloids are compared with 
concentrated ones. Thus while many colloids with a small 
content of disperse phase show suspensoid properties, the more 
concentrated systems often have emulsoid properties, they are. in 
other words, jelly or glass-like. One suspects that he is here 
dealing with a general law and so looks for such in the extreme 
concentrations of ice colloids. Thus J. Alexander' has shown that 
"ice creams" consist of numerous highly dispersed ice crystals 
in the dispersion medium, cream, to which a trace of gelatine is 
often added. The bulk of the ice crystals is so great as compared 
with that of the dispersion means, that as in the case of fine, mobt 
sand, the dispersion medium covers the solid dispersed particles 
with a thin but coherent envelope. 

So far as structures of the composition liquid + liquid are 
concerned, we may direct attention to the experiments of Wa. 
Ostwald* which indicate the possible existence of emulsions ia 

' See P. P, von Weimani and Wo. Ostwald, I.e. 

'J. Alexander, Koll.-Zeilschr., 4, 168 (1909); 5, loi (1909). 

•Wa. Ostwaid, KoU.-Zeilschr., 6, loj (191°). 
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which the disperse (aqueous) phase is present in excess. Foams m 

may also occur in these two modifications. We may have fluid I 

structures made turbid by minute bubbles (see above) or "stiflf fl 

foams'' consisting chiefly of vapor, held together by a small ■ 

amount of fluid dispersion means, as in well-whipped saponin, I 

albumin, beer, etc. It is characteristic of most of these systems I 

that they are fairly stable only when certain third substances are I 

present. H 

In concluding these paragraphs it should be noted that even I 

with this long list all the theoretical possibilities are not yet ■ 

exhausted- For example, there are several solid modifications of ■ 

ice known, any of which may appear, theoretically at least, as j 
disperse phase or dispersion means; and when we consider com- 
pounds or elements whose polymorphism is still greater, as in 
the numerous solid, liquid and gaseous modifications of sulphur, 

the number of disperse and colloid states of one and the same J 

substance, which are theoretically possible, becomes almost ■ 

limitless. M 

§20. The Concept of Colloid-chemistry V 

The most important deduction from the previous para- ■ 
graphs is that it is no longer appropriate to contrast colloid ^ 
substances with crystalloid substaturcs as though the condition 
were dependent upon the specific chemical properties of the 
material. Colloid-cfiemistry is not the study of colloid materials 
but that of the colloid slate oj materials (Wo. Ostwald, igoS). J 
"Colloid" is not a chemical entity like salt, acid, base, oxidizing ■ 
or reducing agent, but is expressive of certain physical elements I 
like mechanical heterogeneity. The concept "colloid" does not ■ 
even correspond to that of "precipitate" since only special I 
forms of precipitates may be termed "colloid." Nor may "col- ■ ' 
l<rid" substances be discussed as we discuss "radio-active" sub- 
stances, for radio-active properties are more closely associated with 
certain chemical compounds showing definite properties (high 
atomic weight, etc.), than are the colloid. Like considerations 
hold when we try to parallel the colloid condition with the "liquid 
^^ crystalline," though as our knowledge has increased we have 
^B found the latter state less and less directly connected with definite ^k 



Hi GEJtERAI. COLLHID-CHEMISTRY 

chunkai compounds.' In the same sense "colloid phenomefl 
tire not to be n^nted as due to the properties of colloid mattn 
but rather as characteristic of any material observed in lie colli 
state, Tbc difference between these two definitions will iktIis( 
be rlearer if we ci>inparv colkwl-chemistrj- with thenno-chemiSI 
Just as the latter is not a study of '■warm'' and '■cold'' niaterid 
Imt n iituity of the Ikermat fondilion of the material and its chaogB 
su. CoIUwU-hemistrj' is not a description of individual coiU 
muttfialfH but tfv«ls of the properties of which colloid sysloa 
ftlV Itut esiini|Jes. Colloid-chemistrj- deals with the rehlionn 
tkf inrlinr rHffgirs te other kinds of energy as sIwU'H in on «^ 
liilUy . kuftwlfrislit tt«_v IX dispensed heterogeneous systems. Tha 
^'tt>w«^. vrtlloivUiiemistry appears as a branch of physical Amf\ 
iatry ciXlnlinAtvil with electro-, therrao-. photo-, radio-chemJstrfj 
I'tC. Ill other wortlii. with sciences which also treat of the relatiom 
o( one kiitd of encrgj- to others. Attempts have been made W 
fxprtms this by calUnj! it taftUiary chemistry (Freundlich). strait 
ihemislry (Drucker). mirro-ekemistry (Wilh. Ostwald), etc. SinO 
philologictti and pmctical objections may be raised against mM 
of these tprms the hisloricully justified and useful one of "colloid 
1 hemUiiy" will be retained in this work. 

' Wr iMHNi but tmM Ihe "inomnic" liquid crystals recmtly diaeoverci St 
II. hlalurnlwnt »i«i M. E. Hulh.Z. I. phyMk. Cheto.. 71,641 <'9"oi.«'=- 
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CHAPTER V 

MECHANICAL PROPERTIES OF COLLOID SYSTEMS 

I RELATIONS OF VOLUME AND MASS IN COLLOIDS 

S21. Volume and Density Relations in Colloids 

I. Volume Relations of Colloid Systems.— Com/>ressibility. — 

In one of the previous sections (§14) reference has been made 

" the fact that the surface between two phases (for example 

fc surface between a liquid and a gaseous phase) has properties 

Hstbctively its own. These peculiar surface properties do not 

lend much below the surface, not deeper than the "sphere of 

iK^cular attraction."' But in spite of the thinness of this layer 

does not resemble a mere shell, in other words, it is not sepa- 

Riled from the rest of the phase by a sharp line. Mathematical 

liderations' would seem to indicate that there is a continuous 

ttange of properties within this layer, extending asymptotically 

fcto the depth of the phase. In addition to the fact that the 

"irface of contact is the seat of surface energy- we must also 

Vaaae that its hydrostatic pressure and the related properties 

» volume and density differ from these same properties as cx- 

lited by the interior of the phase. We have also pointed out 

f in coarsely disperse systems these differences can be demon- 

ited only with great difficulty. But the slight differences ob- 

ITVed in coarsely disperse systems add up to considerable 

llues in systems which have great areas of "surface contact." 

^wdally is this true in the disperse heterogeneous systems where 

great specific surface is found with great absolute surface. The 

llion between specific surface and volume is established by 

'tapiUary or curvature pressure fKriimmungsdruck). 

Consideration of the progressive change in the properties of 

-' surface and the effects of capillary pressure lead to the con- 

msion that the volume of the dispersoid need not be equal to the 

jBthmctic mean of the dispersion means plus the disperse phase. 
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The observed values are usually less than the arithmetic nM 
This is in harmony with the assumption that the effect of positive 
capillary pressure generally outweighs that of the negative.* 
The amount of this contraction besides being a function of the 
positive capillary pressure is evidently a function of the com- 
pressibility or expansibility of the two phases in the sense that a. 
great coefficient of compression or expansion will favor change in 
volume. 

It seems important, therefore, to consider the compression 
coefficients of colloid solutions. Theoretically, three compressi- 
bilities must be considered in a colloid (or in any dispersoid): the 
compressibility of the dispersion means, the compressibility of the 
disperse phase, the compressibility of the system as a whole. 
The first and third of these can be measured by physical methods, 
the value of the second may be calculated from the other two. 
Of greatest immediate interest is a comparison of the compressi- 
bility of a colloid solution with that of the pure dispersion means. 
One anticipates that the compressibility of the colloid solution will 
he smaller than that of the pure dispersion means, and that it will 
decrease as the concentration of the colloid increases. That these 
relations will be more complicated in emulaoids than in suspensoids 
is also to be expected. The curve expressing the relation between 
concentration and compression of emulsoids will probably not be 8 
straight line as in suspensoids. The fact that it is not a strai^t 
line in molecular- and ionic- disperse systems already indicates this; 
for as the investigations of Rontgen and Schneider,^ H. Gilbaut' 
and others have shown, this function approximates a hyperbolic 
curve diverging more and inore from a straight line with increasbg 
concentration (see Fig. 20). Fig. 17 shows the relation between 
compressibility and concentration of NaCl according to the 
experiments of H. Gilbaut. A similar behavior is to be expected 
for the emulsoids because of their close relation to the moIectlUr 
dispersoids. 

One would also expect that electrically charged or icmized 
colloids would decrease the compressibility of the pure dispersion 
7neans more than such not so charged, for according to Gutncbant* 



u 



VV. Rflnlgen and Schoeidet. Wieilemaiui'a .\nn. d. Physik., 39, i6j (18 
H. GabBut. Z. f. physik. Chem., 34, 38s (1897)- 
Gtiinchant: Compt. rrnd., 13a, 469 (1001). 
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the compressibility of water is less reduced through addition of a 
non-electrolyte than of an electrolyte. 

Of the available determinations on colloids those of G. de Metz^ 
merit special attention. Table 3 gives a selection from his 
careful measurements. For comparison the values of water and 
some other non-colloid solutions are appended. The table shows 
that at least as far as the emulsoids which have thus far been studied 
are concerned the compressibility of colloids is not essentially 
different from that of other non-colloid liquids. The compressi- 




ConcentraNon 



Fic. 17. — Compressibility of NaCl solutions in concentrations varying between o 

and 26.22 per cent. (According to //. GilbaiU.) 



biUty of collodion is twice that of water, but crystallized benzene 
has also an abnormally high coefficient. In the case of hydrosols 
we find, with the exception of setting gelatine, that the coeffi- 
cient of compressibility is lower than that of the pure dispersion 
means which again is analogous to the behavior of molecular dis- 
persoids. This also seems to apply to benzene-sols, as comparison 
of the values for pure benzene and for a solution of Canada balsam 
in benzene indicates. 

1 G. de Metz, Wiedemann's Ann. d. Physik., 35, 497 (,r888); sec also G. 
Quincke, Ibid,, 19, 401 (1883); E. H. Amagat, Ann. chim. eL phys. (5), 11, 535 

(1877). 
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F Colloid Solqtioks 



(From Q. de Metz) 






Cutolutc) k. 



Non-gelatinoi 
Gum arable in w 
Gelatinizing glue 
Canada balsam ii 
Duplex collodion. 



glue 



t.oS3 (14-8') 
1.041 (14.0°) 
1. 005 {18.0 
0.950 (iS-o°) 
0.807 C>S-o°) 
1.34S (i4-S') 



M.337 (; 
I4.S93 Cm. 

18.388 (1 

i7.30S (14, 
17-433 (14. 
tJ-SOQ ( 






Meiaphospbor 

Glycerine 

Benzene (crystallized) . 
Liquid paraffine 



1.350 Ci3-S'^ 
t.S4S (13-5°) 
1.843 («6.S°) 



10.817 (14-80°) 
19.663 (t4.68*) 
»2.:*8 (14.9s'') 
74.609 ( 4.77°) 
61.865 (m.V) 



'The compressibility ch&ages witb time. 

The behavior of gelatinizing glue is particularly interesting, for 
its compressibihty decreases with time. According to G. de Meti, 
a 2 per cent, solution showed when first measured a compressi- 
bility of 51.42 (X 10"') ; three hours later this decreased to 49.731 
and ten days later to 48.44. In other words, as gelation pro- 
ceeded the compressibility approached more and more the value 
of the pure dispersion means (water). This observation is of 
interest in its application to the theory of gelation in emulsoids. 

Other compressibility determinations have been made by C. 
Banis.^ Barus measured the height of liquids in capillary glass 
tubes at various pressures. The compressibility is equal to the 
decrease in height divided by the total height of the liquid in 

the capillary tubes ( = r )■ Table 4 gives some of his results. 

These figures' show that compressibility differences between 
colloids and their pure dispersion means are sUghl, especially when 
compared with the corresponding variations observed in molecular 



■ C. Barus, Silliman's. Amer. Joum. 
gi), Compressibility of Class. 

' For further tables, fot example, 01 
., see the original work of C. Barus. 



Science (4), 6, 485.(1898); (3),/6W.,4i, i» 
1 the compressibility of coagulated albumiHr 



F 
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dispersoids. They show clearly, however, that gelatine, for 
example, at ioo° is about lo per cent, less compressible than 
pure water (see Fig. i8). This difference lies well beyond any 
possible experimental error. A series of measurements by H. 
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Gilbaut' on the compressibility of a 30 per cent, potassium iodide 
solution at 20" is introduced for comparison. 

A more thorough investigation of the compressibility of suspen- 
soids and emuisoids would be interesting, especially as dependent 
upon concentration and temperature^ T)Ut more exact methods 
than those employed by C. Barus would have to be used, like those 
of Amagat and Gilbaut. 

The compressibility of gels cannot be discussed until their 
general properties have been taken up. 




Fig 



Atmosphcrvs 700 

iS. — -Compressibility of dispersoids. 



200 300 

(.\ccording to C. Rarui and II. Gitic»i-} 



2. Density and Space Relations in Colloid Systems. — That 
the density (weight/volume) or specific volume (volume/weight) 
of colloid systems must have values other than the arithmetic 
mean of the values of dispersion medium and dispersed phase 
follows from the existence of capillary pressure and from the com- 
pressibility relations. The change in density may be calculated 

'H. Gilbaut, I.e., 433. 

-Tbe tetalion between compressibility and temperature in gelotiiie soltitlan 
has also been studied by Earus, but no values were obtained which in his judgnwst 
permitted of positive deductions regarding any special bebuvior o[ colloid eoluUow- 
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advance by the method of Wilhelni Ostwald' if a positive capil- 
lary pressure (the result of positive or contractile surface tension) 
is present and size of the particles, surface tension and com- 
pressibility are known. Such calculations show that drops of 
water ^n in diameter are 0.00005 times denser than water eti 
masse. As previously pointed out (p. 7,^) this apparently in- 
iignilicant value increases rapidly with further subdivision so 
that drops of water 0.03/i in diameter, possessing, in other words, n 
colloid degree of dispersion have a density 0.5 per cent, greater than 
water en masse. From this it follows that similar changes 
of density must be observable whenever coarsely dispersed or 
nondisfiersed systems go over into colloid ones, as in the "solu- 
tion " of colloids or the closely related phenomena of swelling in 
emuisoids. 

As a matter of fact such changes have been frequently found. 
The experiments of G. Rose^ may be cited for changes of density in 
xuspcnsaid systems. This investigator found the following values 
gold of different degrees of dispersion : 



1^1 



Molten and compressed 19-33 

Precipitated with oxalic acid ■9>49 

Predpilated with ferrous sulphate iQ-SS t' 



Ferrous sulphate precipitates gold as a very fine powder, oxahc acid 
in the form of tiny platelets. Similarly, barium sulphate in 
lumps showed a density of 4.48; in precipitated form one of 4.521 
and 4.535. The measurements carried out by J. P. Cholodny' 
un colloid selenium and silver showed similar though smaller 
differences. As has already been mentioned, the compressibility 
of the substances themselves is an essential factor in these in- 
vestigations of the influence of dispersion on density, and since 
this compressibility is itself but small any variations observed in it 
can also only be slight. 

In sludj-ing the influence of solid suspended particles upon the 
density of a liquid, one encounters comphcated relations.* We 
can only say that the calculated density taken as the arithmetic 
mean approaches ihe observed value more and more with increas- 

' Wilbelm Ostwald, Grundrisa d. aJlg. Chem., 4, 333 (1910 Edition). 
'C. R(»e, Poggendorf 's Ann., 73, I (1848). 
' J. P. Cbolodny, KolloidZi-itschrift, >, 19, 340 (1907). 

' See, for example, the recent work of B. LOffler, Drude's Ann. d. Phys., 13, 3 
(1907). 
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chemical compounds.^ In the same sense "colloid phenomena" 
are not to he regarded as due to the properties of colloid materials 
but rather as characteristic of any material observed in the colloid 
state. The difference between these two definitions will perhaps 
be clearer if we compare colloid -chemistry with thermo-chemistry. 
Just as the latter is not a study of "warm" and "cold" materials, 
but a study of the ihermiil condition of the material and its changes, 
so, colloid -chemistry is not a description of indi\'idual colloid i 
materials but treats of the properties of which colloid systems I 
are but examples. Colloid-chemistry deals with the relations of 
the surface etiergies to other kinds of energy as shown in an espe- 
cially characteristic way in dispersed heterogeneous systems. Thus 
viewed, colloid-chemistry appears as a branch of physical chem- 
istry coordinated with electro-, thermo-, photo-, radio-chemistrj', 
etc., in other words, with sciences which also treat of the relations 
of one kind of energy to others. Attempts have been made to 
express this by calling it capillary chemistry (Freundlich). strglo- 
chemistry (Drucker), micro-chemistry (Wilh. Ostwald), etc. Since 
philological and practical objections may be raised against most 
of these terms the historically justified and useful one of "colloid- 
chenustry'' will be retained in this work. 
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•jsurnitifJL set imosr -1 i=. liie t±ini column of Table 7). I 
jurors QmsrwinLnosis^ :c lie 'ie!i5ir>--voaceiitration functions c 
vilifHCSr tiiif aenshrr* — .i:.':er:,idcal proof should be given du 

TJTB^enri: 

]: -inriuii ti>." -"t *circasi.K?il that the density-concentratio 
zar^t n: roriifcsitr ^srersobi^, especially that of electrolytes, ; 
-.Tn:u."t T/'Viri ^"^ oessty 1115 see XaCl in Table 7 and Fi| 

^ 7j]ii if. iJrfAi>" iTcarent mm the fact that the contractio 
ri -.iJLTTV :<r. rl-ticci of salt solutions, for example, is moj 
rr't7y'mj}ZT'. tt. r:c.v"^c:ricevi solutions and becomes less wit 
'•^^■^<ivr "'"^zisT. When a concencmted salt solution is d 
—T.- iTv^'^a^: iT.'i :h:> dilution 15 again dilutetl one-half, etc 
-n^ ■.'^:<rv\v! .vr.:rAccion becomes progressively less. Thi 
. ..-•^x;:^-.V.> :.* :he two concave cur\-es of Fig. 20. Here agai 
:v'v iTi- .'^vx'.*: i:::<rrestiag parallels between the properties c 
^rr;;>s'^'.> ATv*. oc 'rA^UvuIarlv dist>ersed solutions of salts, etc 
..^.,^-v^- \\> Kvr. calle*.! to such similarities before and th 
vvj»sv«-: n-;.; Arise .igain later. 

-•Vo cvVv*: :vAM>urcments of \V. Schmidt {l.c,^ and Ch. Liide 
;^ -^ . ' xxcrv vKnibllcssIy carrievl out with impure material 
v^* ;Vt, ;>c\ vm:*.v.o: be considertxl here. Thus the density of ; 
V "A' >v'- ^^^utlon ot gelatine, according to Liidcking, is i.i3< 
\*^-V .ivvv'At*^^: iv» V^>uiiK'kc it is only 1.054. This indicates 
*\v* * ^^c MKivc allowauvv for [x^ssiblo temperature differences 
;'^:'. I ;\vU'v»»'.< *^*^v^^ a gelatine much richer in salts than di( 

. \ , vv' \ nu\;suiciucnt of the concentration-function when th< 

X,*'', x\***ic^'i »^ knv»\\u, would iHThaps be interesting for the theor} 
,v '/s "iis'MKil vhangc^ in slate of gelatine, in other words, in i 
hU'.x'n N*i ^^'^' iiuluciuc whivh gelatine and dissolved salt have upor 
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I rhriuMi Cot^tficient of Expansion in Colloids. — Observa 
p,.M . \\\ ilov.x»\i-. i\» \\w alH>ve may be made on the thermal (cubic' 
,v»»mIi* u m . oi lApauNion in colK»ids. Here also we would antici- 
iMt» »^* l»*h.i\u»i lo W ai\aK>gv>us, roughly, to that of molecular 
ji j.» » x^\A . I'ul ihc abM»lalc ihangcs in the constants of the pure 
ji p, I »»«»» nmlumi in the v asc v»f cv>lloids wouhl not be expected to 
t,, J ,'Xy w A, \\\ the vaM* of molecular dispersoids. We would 
,1 .. s \|«\ \ \ \\\\' iinul-»\»i\U to bi\ir a closer resemblance to molecu- 
\\\\\ \\\\\ louualU \lis|H'i>ed systems than the suspensoids. 
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In this connection it must be specially emphasized that the 
change in volume of pure water with increasing temperature 
above 40°C. is represented by a curve concave toward the tem- 
perature axis. In the case of a salt solution this curve is flatter, in 
fact it tends in high concentrations to approximate a straight line.' 
The form of the curve indicates that molecularly dispersed 
aqueous systemsexp and more at lower temperatures than water, 
and less than this at higher temperatures. There exists a region 
Iherefore in which the expansion coefficient of solution and of 
dispersion means are the same. The curves for the solution and 
for ihe pure dispersion medium cross each other as shown dia- 
grammatically in Fig. 21. For NaCl this temperature is about 
55°. According to M. P. de Heen^ the point of intersection de- 
pends upon the nature of the salt only, and not upon its concen- 
tration. It would be interesting to determine how colloid solu- 
lions behave in this respect. 

From the meager material available the following figures of 
Hodewald are here reproduced, on the average thermal coefficient 
of expansion of starch with varying water content. The coeffi- 
Qent of expansion a is the ratio of volume increase to original 
llime. The temperatures employed range between 0° and 2o°C. 



IUme. The temperatures employed rar 
;*11E 8.— Thebmal Expansion Coefficient oh 
(Atter Rodewald) 
Water contecl of 
itATch, ptT cent. 
lo.igC'airdry") 
41.05 ("saturated" with IIiO) 



\" 



The calculated values and their graphic portrayal show that 
'JiE thermal coefficient of expansion increases rectilinearly with the 
'^ater content. It must be borne in mind that in starch we are not 
"lealing with a typical colloid, but with a coarsely disperse system 
'^oich assumes a typical colloid character only after becoming very 
'^clj in water. 

Though we possess but few measurements on pure colloid 
*^U lions we have many experimental data on the thermal expansion 



Wiih. Oi 



insion ^^1 
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aad perhaps even more important one: Tlte amount of clumge in 
these properties, more particularly in the freezing point, in the vapor 
pressure and in the boiling point, depends upon the degree of dis- 
persion of the system, and' increases with every increase in the degree 
oj dispersion. A ready method by which a steady change in the 
degree of dispersion may be produced is to vary the relative 
amounts of dispersion medium and disperse phase. In support of 
this general statement may be cited the anomalous behavior of 
molecular dispersoids in concentrated solution commonly accounted 
for through association, polymerization, etc.; further, as previously 
mentioned,' " concenlralion-variable dispersoids" are by no means 
rare. To this important class of systems belong most of the emul- 
soids, as the chapters on "internal changes in state," "gelation," 
and "swelling" will clearly show. Thus F. Krafft- and A. Smits' 
found that dilute soap solutions showed quantitatively determin- 
able elevations of the boiling point and depressions of the vapor 
pressure which became progressively less with increase in the con- 
centration of the solution until they finally became zero. The 
measurements of A. Smits, upon which is based the law stated in 
the first part of this paragraph are reproduced in the following 
table; 



Table g. 


—Aqueous SoLOtioNa of Sodium P.ujuta 
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in« point 


Molar coDceo 
0.50 


>■=- . Reduclio 




■ o.oiSi 


1.3 I 


am.Hg. 


o.iiiS 


0.04S 


0-7S 


o-S 




o.iMi 


0.050 


1.00 


0.0 




0,57" 


0,060 









It is especially interesting to note that though the elevation 
"/ the boiling point increases with increasing concentration, even 
ihough but Uttle, the lowering of the vapor pressure decreases 
absolutely at higher concentrations. It is therefore evident that 
[he two kinds of changes in no sense parallel each other, much less 
that a mathematical proportionality exists between them. 

2. Measurements of Vapor Pressure of Colloid Solutions.— 
Other measurements of vapor pressure, besides those carried out 

Knfft, Ber. d. Dtsch. Chem. Gea., ag, ijiS (1896), 
Smite. Z. f. phy^. Cbem., 4St C08 (1903]. 
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to those obtained in determinations of the loweringjif the bc«liilg 
point. One fact stands out clearly, however. Owing to the 
greater number of substances that iiave been investigated, 
colloid solutions have been found which show an undoubted de- 
pression of the freezing point. This is easily understood, if wt 
bear in mind the variation which colloids show in their degree of 
dispersion. 

An interesting study has been made by H. Friedenthal (I. 
of the molecular weight of the so-called soluble starch. This 
starch may be prepared in various ways, among others by treat- 
ing common starch with ozone. The product so obtained appears 
in every way to be "dc polymerized," that is, to be more highly dis- 
persed than ordinary starch. This is betrayed by the shght, but 
nevertheless definite depression of the freezing point exhibited by 
the soluble starch, in contrast to ordinary starch, as the following 
table shows. 



Table i 



rHE FREEZING Pourr of Soluble St,\bch 
(According to H. Friedenthal) 



There even exists a proportionality between concentration and 
freezing-point depression. The calculated molecular weight of 
soluble starch is about 9450, while, according to H, T. Bronn 
and G. H. Morris {l.c.) that of normal starch is at least 32400. 
These freezing-point measurements have also shown that the ob- 
served depressions of the freezing point have decreased as the 
solutions under investigation have been purified through dialysis, 
etc. Gatin-Gruszewska (I.e.) found solutions of verj' pure glyco- 
gen to show no depression of the freezing point whatsoever. 

The relations existing between changes of vapor pressure, 
boiling point and freezing point of colloids, and their molecular 
weights will be discussed later. 

§23. Mass-relations in Colloids 

I. Concentration of Colloid Systems. — The cotwmtratien of a 

disperse system is expressed by the quantitative relation of the 
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disperse phase to the dispersing medium. This relation is more 
complex in dispersoids, particularly in colloids, than in molecular 
dispersoids, and for the following reasons. 

Inraoleculaj dispersoids such as the "true" solutions of any non- 
electrolyte, we may assume that in a given dispersion means the 
disperse phase will always have the same degree of dispersion ; in 
other words, the disperse phase will always assume a slate of 
maximum or molecular subdivision. This assumption is based 
upoR the validity of the gas laws and Avogadro's hj-pothesis. 
The assumption no longer holds, of course, when we deal with 
electrolytes, or with molecular dispersoids of such concen- 
tration that a change in the degree of dispersion, surh as 
"polymerization," etc., takes place; or when van't HofT's laws are 
no longer strictly obeyed. And yet all these factors, which tend 
to make ambiguous the term "concentration" when applied to the 
proportionality existing between amount of molecular dispersoid 
md dispersing medium, are but slight in their effects when com- 
pared with the influence of the degree of dispersion upon the 
properties of the coarser dispersoids, particularly the colloids. 
For as has been repeatedly emphasized in the first chapters of thi.'; 
book, it is the specific surface which primarily gives to disperse 
systems their characterizing properties. The same relative 
proportion between the mass of dispersion medium and disperse 
phase may therefore exist in two disperse systems; in other words, 
they may have the same concentration, and yet in other respects 
show an entirely different behavior due to diilerences in degree of 
dispersion. A given amount of gold, for example, may, at one time, 
be distributed in a given amount of dispersing medium in the 
form of a coarse suspension, at another in the form of a gold- 
sol, in a third as an ionic dispersoid.' 

To the above must be added, that many dispersoids, particu- 
larly colloids, are concentration-variable systems; that in other 
words, they often change their state when merely diluted with 
a given dispersion medium. This question will be handled in 
detail later. Variation with concentration appears to be the 
ruie with emulsoids, as already indicated on p. 47. Such varia- 
5 are not impossible, however, in suspensoids. Thus J. Reis- 
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sig* found in his ultramicroscopic investigations, that the aumbei 
of particles was not proportional to the content of colloid matenaJ, 
hut that relati%'ely more particles became visible in diluted solu- 
tions. While principles of optics have been marshalled to explain 
this behavior* it nevertheless appears possible that a di\Tsion of 
the disperse phase into particles more highly disperse takes place, 
just as conversely the union of smaller particles to form larger 
aggregates on increase of concentration has been directly observed 
(see p. 88). 

It follows, therefore, that the definition of concentration in dis- 
persoids which do not possess a maximum (molecular or iomc) 
degree of dispersion, will require an additional clause expressing the 
degree of dispersion of the disperse phase. Strictly speaking, all 
statements of the concentration of colloid systems ought to be given 
in some such manner as follows: Gold-hydrosol of x per cent, gold 
content and x.io" dispersion (or specific surface). 

2. Experimental Work on Saturation in Colloid Sohitioos.— 
In dealing with molecular dispersoids we are in the habit of 
expecting to encounter a maximal relation between dispersion 
medium and disperse phase, in other words, we expect to 
encounter a saturation comentralian. Does such a saturatitffl 
concentration exist in more coarsely disperse systems such as 
colloid systems. 

Every investigator, who has concerned himself with the prepa- 
ration of colloid solutions is familiar with the fact that pure, 
two-phase systems are frequently stable only within narrow hnuts 
of concentration. It is well known that suspensoids in particular 
can be prepared only in low concentrations, unless a third "pro- 
tecting" phase is present. Although precise measurements are 
lacking, we find that most of the hydrosols described in the Htera- 
ture contain less than }■■> per cent, of the metal by weight. 

The maximum silver content of a silver sol, according to A. J. 
Prange' is 0.475 P^r cent, by weight; that of gold sols fluctuates, 
according to L. Vanino* between 0.0002 per cent, and 0.06 per cent, 

' J. Rcissig, UUramikro&kop. Beobacbt. Diss., Erlaogen, 1908. Reiiew in KoU.< 
Zeitschr., 5, ib% (iqogt. 

■ See the paper of Rcissig and the paragraphs in this volume on ultrBmicn>SC<^)y. 

' A. J, Prsnge, Rec. Trav. chim. Pays-Bas, 9, uj (1890). 

*L. Vwiino and co-wrorlters, KoU.-Zeitschr.. a, 271 (1907); a, $1 (1907). 
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1 by weight; according to J. Donau' it fluctuates between 0.0002 per 
Dent, and 0.05 per cent. R. Zsigmondy^ thinks that 0.12 per cent, 
s Ibe maximum concentration, and G. Bredig,' who prepared the 
pid sol by the electrical method regards 0.014 per cent, to be 
jttout the maximum. It appears, therefore, that the "saturation- 
concentration" for colloid gold lies between 0.1 and o.a per cent. 
^ Other metal hydrosols gave similarly low ranges of concentration. 
m M. Traube-Mengarini and A. Scala* found that the spontaneous 
P solution of lead in distilled water yielded a maximum content of 
'Colloid lead equal to 0.0069 P^^ cent, after 42 hours; after 72 hours, 
-0078 per cent., after 96 hours, 0.0093 per cent., and after 3 
HjuQihs, 0.0089 pt^r cent. Ultimately, therefore, a constant lead 
content was obtained. But these values hold only when we deal 
with pure metal sols; when "protecting colloids" are used the 
concentrations may rise much higher. 

The above statements agree in bringing out the fact that the 
»netal content of metal hydrosols is always low. This statement 
could be further supported by "additional references to the litera- 
ture. In contrast herewith stand the results of P. J. Choiodny,* 
'^V. R. Whitney and J. Blake,* who obtained stable gold and silver 
sob of incomparably higher concentration. Thus P. J. Cholodny 
claims to have obtained pure silver sols containing more than 30 
per cent, silver. This high concentration is so unusual that 
without making confirmatory investigations, one would be inclined 
to a&sume that it is due to an admixture of impurities, such 
as emul&oid silver, or iron hydroxide; or that one is dealing with a 
coarse suspension. Still more remarkable is the finding of Whitney 
and Blake who worked with red colloid gold prepared by the 
reduction of an ethereal gold chloride solution with acetylene 
gas.' By means of an electric current they concentrated this to 
a thick red "mud." According to the authors this "mud" when 
'lirred up with distilled water again gave colloid solutions 
iniilar to the original but of high concentration. They managed 



■C. Brcdig, Zettschr. f. 

■ ii. Traubt-Mengarini a 
' P. J. Cholodny, Joum. 

''\.'2iilscb.t., 2, no (t9o8j. 

■ W. R. Whitney and J. BUki 
'J. BlAk*. Silliman' Am. Joui 



a6, 5^5 (igos)- 
>-,30i, 3J("8(»N)- 
;w. Chem., 951 (1898). 
A. ScaJa, Kol'.-Zeitschr., 6, 349 (iQto). 
i. phys.-chem. G«., 35, s^S (")03)l abatra 
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in this way to obtain systems having a metal content of several 
per cent. But here again the resulting solutions had, no doubt, 
but a low dispe'rsion value, although the red color would in itself 
not warrant such a conclusion (see for example Table 2, p. 32). A 
repetition of these investigations with the aid of the ultramicro- 
scope, which was not available when the above-named authors 
did their work, would certainly prove interesting. 

Somewhat higher concentrations of colloids of a suspensoid 
character but not of metals have been observed, although, as a 
rule, such concentrated solutions are rather unstable, their colloid 
phase leading to precipitate in coarsely disperse form. S. E, 
Linder and H. Picton {l.c.) obtained a sol of arsenious sulpiride 
containing 4.4 per cent, by weight of the disperse phase. Colloid 
sulphur with water as the dispersing medium may be prepared, 
according to M, Raffo,' coutaining up to 4.58 per cent, of sulphur. 
In contrast to the suspensoids, the typical emulsoids exhibit 
no upper hmit of concentration corresponding to a saturation 
concentration. Gelatine, silicic acid, or egg-albumin will, with 
proper regulation of the temperature, take up progressively greater 
or smaller amounts of water, without separating out in coarsely 
disperse form. The explanation of this behavior, which is so 
different from that of the suspensoids, is that the typical emulsoids 
represent complex concenlration-variahle systems, or, expressed 
more simply, mixtures of mutually soluble components. 

Here again those systems that form transitions between 
suspensoids and emulsoids are particularly interesting. Thus, 
the hydroxides, especially the hydroxides of iron, seem to behave 
like suspensoids in dilute solution, and like emulsoids in concen- 
trated solution (see §9). Because of this, iron hydroxide sol 
of hquid character may be obtained in concentrations charac- 
teristic of suspensoids (up to 4.8 per cent, according to G. 
Geffcken') ; while on the other hand, a Jelly-like emulsoid modifi- 
cation of iron hydroxide is known, which contains but a fW 
per cent, of water. ^ 

3. Theoretical Considerations Bearing on the Satuiatkut of 
CoUoids.^ — In the older literature one frequently encounters the 
statement that colloid solutions differ from the molecularly 
> M. RaiTo, Koll.-Zeitscbr,. a, 35B (190S). 
' G. Geffcken, Zeitschr. f. physik. i^hera.. 49, igg (15041. 
' See, for eiample, J. M. van Bemrnelen. Die AbsorpLion. Dresden, 
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^pspersc in lacking a saturation concentration. The above facts 
show that this is not borne out by experience, at least not as 
far as suspensoids are concerned. In recent years a number of 
investigators besides myself, namely, J. Duclaux,' W. M. Bayliss,^ 
M. Traube-Mengarini, and A. Scala (I.e.), among others, have . 
plainly expressed themselves in favor of a saturation concentra- 
tion for colloids. The method employed to obtain the value of 
the critical concentration must be considered, whether this be I 
by boiling down a dilute colloid solution, by allowing it to 
evaporate spontaneously, by removing the dispersing medium 
through filtration (L. Duclaux) or by determining the maxi- 
mum spontaneous colloid solubility, say of lead (M. Traube- 
Mengarini and A, Scala, I.e.), or congo-red in water (W. M. 
Bayliss, I.e.). etc. The different methods do not yield the 
same values, as J. Duclaux (/.c.) has pointed out. 

While experimental evidence seems to indicate that for 
suspensoids there is an upper limit beyond which the system is 
not stable, a precise determination of it appears to be coiuiected 
with serious difficulties. As already pointed out, the saturation 
concentration of molecular dispersoids varies with mere variations 
in the degree of dispersion of the material which is to be dis- 
solved as shown, for example, by the increased solubility of a sub- 
stance of moleculo- disperse solubility, when a very finely ground 
powder is used. One may accordingly expect highly disperse 
colloids to have a higher saturation concentration than colloids 
of a lower degree of dispersion. A statement of where lies the 
saturation point in a colloid, just as a statement regarding the 
concentration of a colloid, would therefore be unambiguous 
only if the degree of dispersion of the colloid could be stated at 
the same time. In addition, however, this circumstance arises, 
that the disperse phase of most coUoid systems contains par- 
ticles of different dimensions. The instability which results 
from this will be discussed later. This constitutes a further 
complication in the definition of the saturation point of colloid 
systems. 

It is interesting in this connection to bear in mind that coarsely 
disperse systems must also show a "saturation concentration." 

to). 
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Such a critical concentralion must appear the more sharply tl» < 
more uniform the degree of dispersion of the disperse phase. Th ^ 
existence of such critical concentrations in coarse emulsions wa^ 
first pointed out by Wa. Ostwald.' If we imagine the disperse 
phase as composed of equidimensional spherical drops, the highest^ 
attainable concentration will be reached as soon as the drops 
just touch each other (without suffering deformation). The 
dispersion medium then only &Us the spaces between the spherical 
drops. Calculation shows that for spheres thus packed together 
the ratio of disperse phase to dispersion medium is as 74 is to 26. 
Similar considerations apply to equidimensional solid disperse 
particles of regular shape. If the particles are of unequal size, 
in other words, if we are dealing with a polydispersoid, the above 
does not apply, since the smaller particles can fill the spaces be- 
tween the larger ones. Under such circumstances the satura- 
tion point would depend in a complicated way upon the relative 
proportions of the differently sized particles present. The above 
considerations do not apply at all when the size of the disperse 
particles changes along with the ratio of the dispersion medium to 
the disperse phase, as in the typical emulsoids, or, more generally 
escpressed, in concentration-variable dispersoids. 

4. Supersaturation in Colloid Systems.^We are familiar with 
the fact that even in molecular dispersoids our conception of 
saturation is a purely relative one. This is evidenced by the 
existence of phenomena of supersaturation. As is well known, a 
larger quantity of material yielding a molecularly disperse solu- 
tion can be dissolved, if particles of more than molecular size arc 
excluded, than when such is not the case. But, asWilh. Ostwald' 
has shown, the quantity (and therefore the size) of the "nucleus" 
which is thus capable of suspending the state of supersaturation 
is by no means infinitely small — it is not even so small as 
to come within the range of molecular dimensions. The minimum 
quantity of sodium chlorate necessary to suspend the super- 
saturation of a molecular disperse solution of the same salt is 
equal to about 10 " '* grams. Small as this quantity is, it neverthe- 
less corresponds to a cube whose sides are se^-eral microns long, 
so that it is too large to fall even within the range of colloid dis- 

' Wa. OstwaJd, Koll.-Zeitschr.. 6, ios(i9'o); see also M, W.Bcycrinck.iWrf., 7i 
i6 (1910); Wa. OstwaW, ibid., 7, 64; (:9io) E. Hstschek. ibid., 7, 111.(1910), 
* Wilh. Ostwsld, Zeitschr. f. ph>-sil[. Chem., aa, iSg (1897). 
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pusoids. Moleculo-disperse solutions could therefore contain 
parlides of more than molecular dimensions without suspending 
the state of supersaturation' and the proportion of the two 
phases to each other, in other words, the saturation concen- 
tration could vary greatly depending upon the part played by 
the non-molecular phase. That such mixed, stable systems exist 
is eiidenced by the fact that at high concentrations many molecu- 
lar dispcrsoids assume the properties of colloid systems. Thus 
C A. Lobry de Bruyn and L. H. Wolff = have shown that highly 
concentrated cane-sugar solutions show the Tyndall phenomenon. 
It seems not impossible that an "enlargement of the molecules" 
or polymerization takes place in high concentrations of all 
molecular dispersoids, only the particles rarely attain colloid 
dimensions. Our definition of concentration and saturation in all 
such systems requires an additional clause expressing the disper- 
sion of the system. 

But there exist in colloid systems also an interesting series of 
phenomena which can be satisfactorily explained only if we 
assume the possibility of supersatu ration in them. Thus solu- 
tions of gold may be prepared from which colloid gold separates 
spontaneously in high concentrations, but in which this does not 
occur or only after prolonged standing, if the solution is more 
dilute. R. Zsigmondy,' L. Vanino and F. HartI,* The Svedberg.' 
Fr. Doerinckel' and others have shown that the formation of 
colloid gold in such nuxtures may be accelerated by adding a few 
drops of a previously prepared second solution of colloid gold. 
According to Zsigmondy silver sols may be prepared by thus "in- 
oculating" silver solutions with colloid particles. Similar super- 
saturation phenomena occur in the silver sols of the photographic 
plate, according to Liippo-Cramer.' It is of great interest that such 
phenomena are encountered among emulsolds. Thus H. Garrett' 
found that gelatine solutions congeal more rapidly if some solid 

' Sec also in this connection the numerous papers by P. P. von Weiraarn in the 
Kolloid-Zeitscbrift and the Kolloid -chemise he Beihefte. 

• C. A. Lobry de Bruj-n und I-. H. Wolff, Rcc. trav. chim. des Pays. Bas„ 23, igj 
O904). 

*R. Zuigmondy, Z. f. physik. Cbem., 56, 6s, 57 (1906), 

• L, Vanino und F. Hartl, Btr. d. Dtsch, chem. Ges,, 30, 1699 (11106). 
»The Svedberg, KoU.-Zeitschr., 6, J38 (1910). 

• Fr. Docrinckel, Z. f, snorg. Chem., 63, 344 (1909). 
jTLlippo-CiameE, KoU.-Zciischr., 7, 99 U5i»). 
y 8. Garrett, Uber d. Viskosilfit einiger Kolloid -Lesungen uiW. Diss. Heidd- 

[> 1903; Philos. Mag. [6], 6, 374 (1903). 
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gelatine prepared by rapid cooling of the same solution is added 
to it, F. Eduardoff' has noted that the natural emulsions of 
rubber from certain rubber plants, which undergo "spontaneous" 
coagulation when exposed to the air, coagulate more rapidly if a 
piece of soUd (t.c., already coagulated) rubber is introduced into 
the liquid. Eduardoff believes that he has excluded the posd- 
bilities of a chemical action in this illustration. The experiments 
of W, Biltz and A. von Vegesack^ should also he cited here. 
They found that in emulsoid night-blue hydrosol the increase in 
viscosity due to ageing is accelerated by "inoculation" with small 
amounts of already viscid night-blue (for details see §25)- 

The view that all these phenomena are due to the suspending 
of a state of supersaturation, which gives rise to coarsely disperse 
systems, cannot be doubted. 

§24. Molecular Weight of Substances in the Colloid State as 

Measured by Changes in the Constants of the Dispersing 

Medium 

I. General Remarks.— The quantitative relations which exist 
between concentration and the lowering of the vapor pressure, the 
elevation of the boiling point, or the depression of the freezing 
point of molecularly disperse solutions. aUow of the determination 
of molecular weight. Such determinations must evidently be- 
come more difficult and less reliable as the amount of such change 
becomes smaller. As shown in §22 these changes almost dis- 
appear in dispcrsoids of medium or low dispersion, such as the 
colloids. A source of great error in these investigations is the 
molecularly dispersed impurities present in such colloids which 
can be removed only with greatest difficulty. Experiments 
have been made in which the effect has been determined of con- 
centration of the colloid on the lowering of the freezing point 
and the elevation of the boiling point of the dispersing medium 
and no change has been noted. 

To this must be added that in the cases in which a change in 
freezing point, boiling point, etc.. with change in concentration of 
colloid has been observed, the amount of such change has not been 
even approximately proportional to the change in concentration. 
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^{^e previously cited investigations of G. Tammann and D. 
Kanovralow show. The recent investigations of T. B. Robertson 
and Th. Burnett' of the freezing point of casein in the presence 
of m/30 KOH show that this remains constant, even when the 
casein content of the solution varies to the extent of 50 per cent. 
In colloid solutions not even the sense may be preserved of the 
relations between concentration and changes in these properties. 
Thus, as shown on p. 130, the elevation of the boiling point as 
well as the lowering of the vapor pressure instead of increasing 
may decrease relatively, or e\en absolutely, in soap solutions 
with increase in concentration. The changes in state which are 
icsponsible for this behavior are not limited to this example, 
but doubtlessly occur in solutions of egg-albumin when the relative 
proportions of disperse phase and dispersing medium are changed. 
Finally, it should be emphasized that it is possible to prepare 
systems having the same chemical composition but progressively 
varying degrees of dispersion (see for example p. 143). In 
view of these facts a discussion of the " molecular weights of 
rolloid substances" loses all significance. Otherwise an in- 
vestigation of the aqueous arsenious tnsulphide solutions of 
Under and Picton, would show a series of progressively varying 
"molecular weights" for one and the same chemical substance in 
the same solvent, which in the coarser suspensions would approach 
infinity. The interest attached to a quantitative or graphic 
determination of the relations between "molecular weights" 
and the size of the particles, for a general theory of the dispersoid 
state, scarcely requires emphasis. 

It follows from the above that one cannot properly speak of 
the molecular weights of dispersoids having a colloid or lower 
degree of dispersion as one does of the molecular weights of 
molecular dispersoids as deduced from changes in the constants 
of their solvents. Measurements of the vapor pressure, the boil- 
ing point and the freezing point of colloid systems certainly do 
not justify it. This needs to be emphasized, for only recently in- 
vestigators like S. Arrhcnius,^ T. B. Robertson, etc., have based 
chemical conclusions upon the "molecular weights" of such colloid 

systems as egg-albumin without paying attention to the variabil- 
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therefore be counted in with it as part of its "chemical coi 
tioii." It must, of course, Ije admitted that proteins, si 
casein for example, can form sait-like compounds with e 
lytes. though it is questionable whether we are in such 
really dealing with stoichiometrJcal relations or only "adso 
compounds." Salts of protein, especially salt-like compou 
the products of protein cleavage, do undoubtedly show m 
able molecular weights (see p. 132); but that fact does m 
do away with the question of the "molecular weight" o 
proteins, as these oljservers apparently fail to see. That e! 
lytes need not form an integral part of colloid systems is sho 
the example of glycogen cited above and by such compoui 
metastyrol' which also induces no measurable increase in I 
point. The "explanation" of these facts as given by 
authors, according to which there occurs a great "polymeriz; 
of the protein when pure, resulting in an abnormal molecular 1 
is only a restatement in chemical terms of the physical fac 
the degree of dispersion of a pure protein solution has assum 
values characteristic of colloid systems. 

Parenthetically, it is well to point out even here that sin 
high values have been found when the "molecular weights' 
been determined by other means. It must be acknowledge 
there exist considerable discrepancies between the values ob 
by the methods here discussed and by the "dynamic" meth 
determining the molecular weight (as by direct measurement 
osmotic pressure, difTusion velocity, etc.). Protein solutio 
example, exhibit a direct osmotic pressure, while they sh 
measurable increase in the boiling point.* Even these fac 
sufficient to show that a careless application of van't 
laws of solution is not to be made to colloid systems, f 
necessary quantitative relationships are lacking. For this : 
it seems better to return to mere description of the iadi 
groups of phenomena observed in colloid systems and so ■ 
laws by inductive methods which will, perhaps, be analog' 
but not identical with those of "true" solutions. 

' G, Posnjak, Das Metastyrol usw., 15, Diss., Leipzig, igio. 
'See, for example, R. S, Lillie, Amer. Jour. Physiol., ao, 137 (1907). . 
coarse (Uscrepsncy was pointed out above in discussing the behavior of H 
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IHTERNAL FRICTION AND SURFACE TENSION OF 
COLLOIDS 



■25. Internal Friction of Colloid Systems 

I. General Remarks. — The internal friction or viscosity of 
"'iioids has not yet been as thorouglily investigated as the 
M.fosity of molecular dispersoids. Yet this very property 
imands special study in the case of colloids. Even slight changes 
lit roUoids, particularly in the case of the emulsoids, so greatly 
affect this value that even Thomas Graham justly called the 
\Tscosimcter a "colloidoscope." Such viscosity measurements 
can, moreover, be easily made.' It is therefore rather strange 
that the attention of colloid investigators has only recently been 
directed to this problem. 

The following are the main characteristics of molecular dis- 
persoids: 

When a solid goes into solution the viscosity of the dispersing 
medium is usually increased. Dilute solutions of some salts, 
such as lithium chloride and potassium chloride, form exceptions 
to this riJe. These represent cases of so-called negative viscosity. 
When solid naphthaline is dissolved at room temperature in 
ulcohol a decrease in viscosity is also observed, according to experi- 
ments of my own. We here apparently deal with iso-dispersoid 
wlveats which are "depolynierized" when the given substances 
are dissolved in them. In normal cases the viscosity increases 
progressively with concentration, but more rapidly than the 
latter, so that the \i3cosily-concentration curve is convex toward 
the concentration axis. 

Manifold and complicated conditions arise when two liquids 
■"■1: molecularlj' dissolved in each other. Thus, the mixture of 
^J<"ohol with water shows a characteristic behavior in that a maxi- 
"■Hin of viscosity is obtained in medium concentrations of the 
"Qe in the other, the value of which is considerably greater than 
'"at of the pure components. For further details the reader must 



,,.. * The simplest apparatus yielding the most ,iccurate rcEults is 
"Ulwlm 0»twald consisting of a U-shaped lube in which is measured the 
J'^-flow o( a constant volume through a capillary. The so-called relative viscosity is 
•"^portional to the time ol outflow and the viscoaily of the liquid. For details 
|%)^jding the method see Oslwald-Lu the r-D tucker, Handbuch I. Physik.-chem. 
**»iuigen., 3, 330, l.eipzig. 1910, 
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be referred elsewhere,' As already evident, this behavior cor- 
responds closely with the extremely variable viscosity observed b 
emul&oids. 

When ^ses are dissolved in a solvent they do not seem to 
cfaangtr its viscosity.' 

2. Internal Friction of Snspensoids. — It may be regarded as 
typical of suspensoids that their t-iscosiiy is but slightly greater ikm 
that 0/ their pure dispersing mediums. It must be remembered, 
however, that this is true only when such systems are dilute 
(see p. 135). In concentrated form the mass of the disperse 
solid phase may predominate over that of the dispersing medium, 
as when powders arc merely moistened so as to be coated by a thia 
but continuous liquid membrane. Such systems may be so visdd 
that their pniiierties approximate those of solids. We need but 
recall liow moist sand may be cut into shces. and the rigidity of the 
tcalefl anti crusts of dried colloid metals. From this it follows 
that with increase in concentration the viscosity of a suspensoii| 
riics very slowly at first, but very suddenly and greatly in hig"' 
concentrations. ] 

Theoretically we may anticipate hiding two concentrati^ 
regionB in which there occurs a relatively rapid rise of wscosity * 
■uapensoids. We have frequently made mention of the (act (s^ 
p. 86) that moistened bodies are coated with a liquid film whi^ 
adheres to them and which differs in many respects from tt^ 
remaining "free" liquid. In the case of molecular dispersoicJ 
the«e complexes of disperse phase with "fixed" solvent atH 
called solvates. Analogous phenomena must be assumed toocciJJ 
whenever a disperse phase is moistened by a dispersing mediutrU 
When tho dis|jcrsc particJcs move, these liquid envelopes raasf. 
evidently be drugged along and thus movement be retarded- 
With progressive increase in the thickness of these liqiud envelopes 
a middle concentration can readily be imagined in which the 
Individual laycts are independent of each other, but nevertheless ' 
retard their mutual mobility through frequent impacts with each: 
other, Thoufih the particles may still gUde past each other as, 
they do in viscosity mcusuremcnts, say in a capillary viscosimeter, ■ 

' A i«c«nt revipvf niih luixlnal pij>criinei«9 is lound ii 
KmmI, Vtokoslltt binkrcr KlUsainlcdtEiBctnischc. Uiucig, iqio. 

* At kMt no chRnxn were obser^-rd wicti the ordinftO' S>*m (O, N, C0|, CXlitA 
Sm Wo. Oitwald knd A. <;<Dihe, Zool. J*hrb., Abth. (. BtcX.. 18, 13 (1903). ' 
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:; ^Teater length of time is demaoded. This first concentration 
region lies far below the second concentration region which we 
discussed previously. The distinguishing characteristic between 
tiie two is found in the fact that in the case just discussed the 
liquid films are still independent of each other, while in the highly 
concentrated colloid (say one containing 99 per cent, solid) the 
liquitl films must be regarded as having coalesced and so being 
continuous. 

Most viscosity measurements of suspensoids have been made 
on dilute preparations as by J. Friedlander.' F. Bottazzi and 
G, d'Errico,* on glycogen solutions, and by H. W. Woudstra' and 
others on silver hydrosols. Measurements carried out on transition 
systems such as iron hydroxide sols will be discussed below. It 
needs to be emphasized that glycogen solutions are typical sus- 
pensoids only in low concentrations, and that they assume an 
emulsoid character in higher ones. This is already evidenced by 
the fact that glycogen sols may be prepared which contain 26 to 
45 per cent, of glycogen.* Nevertheless in low concentrations 
glycogen behaves as a typical suspensoid, and so its discussion 
seems appropriate in this place. 

The viscosity of suspensoids appears to have been measured 
(or the first time by J. Friediander (I.e.) who could scarcely 
(ieteci a difference between them and their pure dispersing 
inediums. For a suspension of rosin (10 cc. of a 1 per cent, alco- 
li')lic solution squirted into 150 cc. of water) he obtained a 

iiTscosity of 598.4; after 43 hours it had assumed a viscosity of 
iW.3. Pure water has a value of 599.6. A "very turbid" silver 
wl (Ag-Credfi) gave 453. 4 while pure water gave 452.3. These 
differences are scarcely greater than the experimental error. 
Even though these measurements refer to very dilute systems, they 
suffice to show how very slight are the changes in the viscosity of 
4 liquid when it takes up a suspensoid phase. 

More detailed work was then done by F. Bottazzi and G. 
dXtrico (Ix.) as well as by H. W. Woudstra (I.e.). Their more 

■^^._ _._ __ 

^pn. W. Woudii™. Z. (. physik. Chem., 63. 619 ('908); Chem. WeckbUd, 5, 
^^5 (1908); van Brmmtten-Cedcnkbock, 36 li9>o). 

* According^ to Z. Gitio-Gruszen-ska, PAUger's Atch., loa, 569 (1904) only 30 

p(I cent. Kilulions ul pun glycogen can be prepared: U tbe glycogen coDUlnt «alt 

iM triubiUty ii much greaier. 
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important results are given in Table 12 and in Fig. 22, to which 
have been added some data on sodium chloride obtained by A. 
Genthe and myself. 



Table 12. — Viscosity or SusPENSoms 



'^tirer hydrosol (according to 

H. W. Woudstra). 

Temp. 26° 


1 

Glycogen hydrosol (according 

to P. Bottazzi and G. 

d'Errico). 

Temp. 37* 


NaQ (for comparison), (ao> 
cording to Wo. Ottwaldiad 
A. Genthe).! 
Temp. 30° 


^>ooceotration, 
percent. 


Viscosity 


! C^ncentra- > Viscositv (time 
tion, of outflow), 
per cent. ! sec. 


CoQoentra- 

tion. 
percent. 


Viscosity A. 
sec 


O-OOOO 


I .0000 





124 





56.2 




0.9310 




0013 


I 


129 [ 33 


I 


56.58 


4.0 


1.9025 




0021 


5 


IS7 . 


10 


60.21 J 


2.887 




0045 


10 


208 51 


IS 


65.95 5.8 


3 . V><) 




0057 


15 


2.«;9 51 


20 


75-24 9.2 


J. 850 




0098 


20 


440 191 


25 


87.44 ".2 


4 904 




04S7 


25 


564 ♦v?) 124 


26.52 


103.63 16.2 






30 


914 350 




no. 7 






35 


1516 602 










4C 


3549 2033 










45 


7688 4139 







* A secr>nd viscosimeter was used from this point on, the outflow time of which 
'omfjared with the first as i : 2.6. All the values have been recalculated in terns 
of the first. 

ITie curves and tables show that at certain concentrations 
there is a very sudden increase in \ascosity. For silver and glyco- 
gen hydrosols these concentrations are respectively about 3.S 
and 30 per cent. The almost rectilinear character of the 
first part of the curves shows that for low concentrations the 
increase in viscosity is almost directly proportional to the colloid 
content. When these curves are compared with that for NaCl 
^o to 2 5 . 5 2 per cent . ) , one notes a straigh ter curve. The uniformity 
of the XaCl curve is still greater at higher temperatures, so that at 
;* temperature corresponding to that at which the measiurements 
on the colloids were carried out it would approximate a straight 
line. 

The ver\' slight absolute increase in viscosity at low coUoid 

' on^entrations should be emphasized. Silver hydrosol containing 

>. '. j>er cent, colloid silver is less than i p)er cent, more viscid 

t.^^iarj pure water^ while a 5 per cent, solution of NaQ shows an 

• Wo. Oit-^ald and A. Genthe, Zool. Jahrb.. .\bt. f. BioL, 18, i (1903). 
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increase of 6.6 per cent. Glycogen shows a greater absolute v- 

increase in viscosity (about 4 per cent, for a i per cent, glycogen 

content). Still, molecular dispersoids are also known which yield 

such high figures, as in the case of sugar in water. Furthermore, 

as already mentioned, glycogen solutions are not to be regarded 

as typical susp>ensoids. 




Fig. 22. — Viscosity of suspensoids. (According to H, W. Wottdstra, F. Botazzi and 
0. d^Errico,) The curve for NaCl has been added for purposes of comparison. 



So far as the relation is concerned of the sudden increase in 
viscosity here noted to the critical concentrations previously 
^liscussed, it may be said that the behavior of silver hydrosol at 
^^ 3'S per cent, concentration coincides with the first of these 
critical regions. It is interesting, and incidentally confirms the 
idea that dilute glycogen solutions have a suspensoid character, 
^t F. Bottazzi and G. d'Errico {Lc.) also emphasize the slight- 
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ness of increase in viscosity that can be observed. Ou the scaJ 
chosen for Fig. 22 this increase is scarcely apparent. The figure 
of Table 12 show clearly, however, a decided increase betwea 
the concentrations of 15 to 20 per cent. The steepening of tin 
curve in Fig. 22 at 45 per cent, evidently indicated an approad 
to the second concentration region where the system begins b 
assume the viscosity of solid bodies, although one must conside 
that at this point the suspensoid character of the system i 
probably beginning to make way for a more emulsoid one. 

3. Effects of External Conditions upon Viscosity of Sasfeo 
soids. — Tenipenilurc alTetts the viscosity of suspensoids in thesam 
way as it does that of normal liquids: the viscosity decreases wit 
increasing temperature. There is nothing especially peculii 
about the viscosity of suspensoids when compared with that 1 
molecular dispersoids or that of pure dispersion media. The fac 
however, that the viscosity of suspensoids is thermostable, in otb' 
words, that it is the same for a given temperature whether 01 
starts from a higher or a lower one is very important. The pr 
vious thermal history does not influence the viscosity of suspe 
sold colloids any more than it does that of molecular dispersoic 
This is indicated by the experiments of F. Bottazzi and G. d'Erri 
(I.e.) on glycogen solutions as reproduced in the following table 



Table 13. — Inpluence or Thermal Historv on Viscositv of 
Solution of Glycogen 
(According to F. Bottazzi and C. d'Errico) 



Although the deviations all tend toward the same side th^ 
scarcely exceed the limits of experimental error, particularly if oo 
considers that the slightly greater values may have been due t 



r 
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evaporation, for the measurements on the cooled solutions were 

made later than those on the warmed solutions. 
This behavior of the suspensoids stands in marked contrast 

III diat of the emulsoids as will appear below. The suspensoids 

I'-nci here to behave like the molecular dispersoids which is rather 

jiiuiual, for ordinarily the emulsoids do this. 

According to H. W. Woudstra (I.e.) the addition of electrolytes 
influences the viscosity of a suspensoid silver hydrosol (and prob- 
ably that of all suspensoids) in a very characteristic manner. The 
addition of an electrolyte decreases the viscosity. To judge from 
the behavior of molecular dispersoids one would expect an increase 
in viscosity upon adding an electrolyte but actually the opposite 
occurs. It should be noted, however, that this decrease takes 
time, occurring in some instances only after days, and that it is 
sssodatcd iiith a change in the state of the colloid, namely, with 
its coagulation. The following table shows this behavior. 



Table 14.— iMrttiENCB ot ELEcTBotVTES on the \ 
Hydros OL 
(According to H. W. Woudstra) 
18 cc sUverspl + 1 cc. K,SO, solution = o,c 


15 millimol. 


Timo io days 


Vi^^ity 


■Uter 4days 


1.0507 


•Utef 34 days. 


1.0047 


AIt«4; days" - 


1.0043 


ff ■ The asterisk signifies that silver has already begun to 


precipitate. 



The influence of age on the viscosity of a suspensoid is closely 
connected with the above. H. W. Woudstra (I.e.) found that 
silver sols gradually become less viscous even when nothing is added 
to them. This is explained by the fact that in the preparation of 
most inorganic colloids small quantities of electrolytes are retained 

^^the colloids, and these tend to bring about coagulation. Table 

^^nay serve as an example. 
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Table i5.^lNFnrENCE op Ace on the Viscosity of a Silver Hvdbosol_ 
(According to H. W. Woudstra) 



Age 


i»d.v. 


Viscosity 




J 


*-ci457 




^iH 


1.0107 




37 
S = * 


1.0077 



;r viscosity value may perbaps be ^^~ 

We must keep in mind that the action of electrolytes and of m-£!^ 
in decreasing the viscosity of suspensoids is the direct opposx*® 
of their effect on the viscosity of most emulsoids, as will be dis- 
cussed below. 

4. Mechanical Theory of the Viscosity Relations in SuspeO' 
soids.— E. Hatschck' working from a physical point of view has r^' 
cently undertaken to reduce the viscosity relations of dispersoids t^c 
mathematical terms. For the details of the theoretical argumer""* 
the original must be consulted; of his conclusions the followin»-8 
seem particularly important. 

The increase in viscosity of a liquid upon addition of adisper^^* 
phase is directly proportional to the percentage of solid substand^^ 
added, but is independent of the degree of dispersion and of tb 
distance between the individual disperse particles. The relatio« 
may be expressed by the formula: 

in which ij' is the viscosity of the suspensoid, ij, that of tlie put ^ 
volume of the solid substanc^^^. 



total volume 



dispersion means, and/, the relation - 

To get an idea of the numerical values involved let us choose a 
pensoid containing 10 per cent, solid substance. In this case th- -" 
viscosity of the dispersoid rises to 1.45 times that of the dispersioi 
means. The maximal viscosity which a suspensoid can have accord 
ing to this formula amounts to 2.8 times that of the pure disper- 
sion means. Clearly, these theoretical results agree ihrougboul 
with practical experience for they predict only a small increas^^ 
in the Wscodty of 
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in viscosity in suspensoids. But more study seems necessary 
for a complete formulation of the viscosity relations in suspen- 
soids by the deductive method which E. Hatschek has begun 
in such a promising way. Hatschek's theoretical conclusion 
tbat the degree of dispersion of a suspensoid has no effect on 
its viscosity seems unconvincing, for a relationship between the 
two has been observed in emuisoids (see below). 

5. Viscosity of Emuisoids (Literature). — A comparison of 

the viscosity of emuisoids and coarser emulsions with that of 

suspensoids has recently been the object of thorough study. 

From the great literature on this subject we may mention the 

papers of P. von Schroeder^ (gelatine), V. Henri. Lalou, A. 

Mayer, Stodel,' H. Garrett' (silicates, gelatine, albumin), A. 

Miiller* (organic colloids), E, Lacqueur and 0. Sackur' 

'Casein), Du Pr6 Denning* (iron hydroxide), W. B. Hardy^ 

'globulin, etc.), G. Fano, G, Rossi, 0. Scarpa, J. Simon' 

(albumin, gum arabic, iron hydroxide, etc.), S. ;Vxelrod* 

(rubber). S. J. Levites'" (gelatine, agar, etc.), W. Flemming^' 

(silicates). Wo. Fauli" and coworkers (albumin, etc.), Gokun'* 

(gelatine), W. Frei'* (gelatine), V. Albanese" (albumin, etc.), 

t*. Schidrowitz and Goldsbrough'* (rubber), G. Moruzzi" (acid 

' P. ven Schrofder, Z. f. physik. Chem., 4;, 73 (1903). > 

'V. Henri, Lalou, A. Mayer, Slodel, Compl. rend. Soc. de Biologie, 55, 1668 

(■903). 

'H. Garrett, Diss. Heidelberg, 1903; Phil. Mag. (6), 6, 374 (:9o3). 

*A. Mliller, Ber. d. Dtsch. chem, Gcs., 37, 11 (1903, 1904). 

■ E. Laqucur und O. Sactur, Hofmeisters Beitr., 3, 193 (1Q03). 

' Du Vti Denning, Diss. Heidelberg, 1904. 

' W. B. Hardy, Journ. Physiol., 33, 2Sr (1505); Proc. Roy.Soc. B 79,413 (1907). 

* G. Fano und G. Rossi, Arch, di Fisiol., i, 491, 6og (1904) (rubber, slarcb, 
Sertun); G. Ros^. ibid., a, 500 (1905); mit O. Scarpa, ihid., a, 346 (1903) (iron by- 
ilroxide); G. Rorai, ibid., a, J72, 599 (1905) (albumin); E. Cavaazani, ibid., a, 513 
(1905) (milk); G. Rossi, ibid., 3, 171, 507 (1906) (contains a review of the litera- 
ture up to 1906)1 J. Simon, ibid., 4, 594 (19°?); 5i 394, 4°Ji 47°, 477, 4?9 (1908) 
(albumin + alcohol), etc. 

• S. Axelrod, Gummizeitung, 19, J053 (1905); ao, 105 (190S); i3i 810 (1909). 
Pot earlier experiments see C. O. Webec, Chemistry ol India-rubber, 80, London, 
»9oi. 

"S. J. Leviies, Koll.-Zeitscbr., a, no (1907). 

" W. Flemming. Z. f. physih. Chem,, 41, 407 (1937). 

" Wo. Pauli (in part with H. Handovsky, K. Schorr R. Wagner, Samec, etc.) 
Hofmeisters Bdtr., 11, 415 (190B); KoU.-Zeitschr., 3, z (190S); Rolloidch. Studien 
am. Eiweiss, Dresden, 1908; Biochem. Zeitscbr.,a7, 196 (1910): Siti.Ak. Wiss.Wien, 
17 Min, 1910; 30 Juni, r9io; Koll.-Zeitschr., 7, 141 (1910). 

"Gokon, Koll.-Zeitschr., 3, 84 (1908). 

" W. Frei, Transvaal Med. Joum., Aug 1908, 

■* V. Albanese. Atch. ital Biol., 50, 387 (1909). 

" P. Schidrowitz und Goldsbtough, Joum. Soc. Chem. Ind,, aS, 3 (1909); Koll.- 
Zeitschr. 4, ii6 {1909I. 

" G. Monixzi, Bioch. Zeitschr., aa, 331 (1909). 



SPECIAL COLLOID-CHE MISTRV 



ps), I-~j 



albumin), F. Galdi' (theory), H, Handovsky' (albumin)*! 
Biltz' and coworkers (organic dyes), L. Michaelis and B. 
tynski* (albumin), F, Bottazzi and C, Victorow* (soaps), 
Sahlbom' (iron hydroxide sol), W. E. Ringer^ (add albumlih.] 
etc. I 

Valuable results have been obtained, of which only the morsel 
important can be pointed out here. | 

6. Viscosity Changes in Emulsoids with Time.— In expecr-ii 
ments on the viscosity of emulsoid solutions the investigate 
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Fig. 23,— Increase in viscoi 
raents of P. i 

is most impressed by the great changes in viscosity observable 
in one and the same colloid with time. To be sure the be- 
havior of suspensoids indicated that these too suffer viscosity 
changes, but the variations occur more slowly. "Spontaneous" 

> F. Galdi, II Tammazi, 3, Nr. 5: Gior. Ind. Sc. Med. iQog; Rivist. di chem. e( 
Ducr. clinic, 9, 1909. 

• H. Handovsky, Bioch. Zeitschr., 15, 510 (1910); Koll.-Zeitschr., 7, 183, )6j 
(1910). 

' W, Biltz (with A. von Vcgesack, Steiner, etc.) 2. f. physik. Chem., 73, soa 
{1910). 

' L. Michaelis and B. Mostyneki, Bioch. Zeitschf., 15, 401 (1910). 
' F. Bottazzi and C. Victoron, Rend. R. Ac. Line, 19, 659 (1910). 

• N. Sahlbom, KoU.-chem. Beih., 3, 79 ("gio). 

'W. E. Ringer: vao Bemmelen-Gedenkboek, 143 (191°); ^^"^ volume contaiju 
ft rich literature. 
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^^ changes in viscosity in pure suspensoids are usually to be reckoned ^^H 
^HiO(^v; (see p. 151), whereas in typical emulsotds they often ^^H 
^B occur fcom minute to minute. Another very interesting dif- ^^H 
^P lerence (which may possibly serve to differentiate suspension from ^^^H 
W emulsion colloids) is the fact that the viscosity of emulsoid solu- " ^^H 
P tioBs usually increases with time, whereas that of suspensoids '^^H 

Table r6 and Fig. 23 give a picture of these changes. ^^^| 
Table 16.— Increase in Viscosirit of Eml'lsoids with Time ^^^H 

(Aft« P. von 5<.hTDedtr, S. J. Uviics. and W. BIIieI ^^^| 


GdaUnii uOulloa 
(P. von Sehroeder) 


^^■v{;^sr "-^[S/'^-J ■ 


Tuns 


At 

aI.o' 


.tl. 


31.0' 


Ti™ 


«' 


Time 




Alt^riomin.. 
A;t<=,,jmin.. 

■^tereomin.. 


1.83 

1.45 
4.>3 
13-76 


1. 6s 
1. 69 

1.74 
■ .So 
1.90 


; j; 


After IS min, a. 19 After 41111 
Aftcr3omJn.i 2.39 After 7m 
.After 45 min.j J.jg Atler 9m 
After 60 min. 3.80 After 13 m 
After 7S mia. 3.00 Atterji m 
Afteroomin. 3,20 Aftcr34m. 
After II bt. 3.40 After37m 
gelatinized. '. 


Q 

m 
n 


... ■ 


The usual way in which viscosity changes with time is prob- 
ably best represented by the S-shaped curve found by W. Biltz 
Qnd A. von Vegesack (I.e.) in their experiments on benzopurpurin 
Solutions. In other words, on standing, the viscosity of an 
«mulsoid first, rises. This part of the curve corresponds with 
the first portion of the curves obtained for gelatine by P. von 
Schroeder (/.c). Then follows an almost uniform increase in 
viscosity as shown by the straight middle part of the curve. 
This straight line was also found by S. J. Levites (I.e.). Finally, 
there follows a decrease in viscosity which is represented graphic- 
ally by the turn of the curve toward the abscissa. This late be- 
havior is found not only in the case of benzopurpurin but also in 
the gelatine curve of P. von Schroeder at 34.8° (shown in light 
tj-pe). The progressive variations in the viscosity observed 
under different experimental conditions and discussed below can 
all be interpreted theoretically in the terms of this S curve. 




viA Woodstn's observztkms are those of K. Sdion- 

(l^-, 1910) vbo found that albiimin solutioDS 

■crease in viscosit>' bat later a stow de- 

ei miJcaH. Chemical diaiigcs ili\-droIytic 

pcodace secondarOy a decrease in ^'iscosity, 

to the hydrolytic action of lennents. are 

active beic (see p. 160). 

irf Medttnical Treatment on VtscoGi^ of Ezniilsaids. 
,1 n;nf»t*«hL» fact that the \iscodt>- of emnlsoids h affected 
UeatuienL If they are shaken for aperiod or simply 
s«v«ral times through a capillar^', as in a \'iscD9meter, 
ir vetwsiiy decreases. Sach phenomena have been obseired 
kv Gok**" ^^-^'^ ^^^ ^ ' ^^^ (^-f-)- The\- shovr that e^'en in such 

ji cnlt)' perfect liqtiids there is presoiC a kind of "structure" 

^^j, is destroyed by mechanical treatment. This structure 
cKiecly aUied «-itfa the oft-mentioned liquid membranes of 
th* disp*'^*"' medium which surround the disperse particles 
^nd which we used above to explain the first maximum -viscosity 
j^fved in suspensoids (see p. 146). One may imagine that in 
hither concentratioiis these membranes unite, somewhat as repre- 
sented in Fig- 14 <*° P- 87. and ^^^ mechanical treatment pulla 
the individual envelopes apart again. In favor of this \A&k ia 
the fnct thai, according to W. Biltz and H. St«ner. this phenome- 
iMAti is particularly marked in concentrated solutions; and that the 
visconities of solutions of different ages may be reduced to the same 
value I'V sufficient shaking (see Table 18).' The matter will 
be tftkcn up more fully later. 

TLCINCE OI SUAUNC OS THE VlSCOStTT Ot A i.J pEB ^ 
SoLCnON or NiCHT-BLDE 

(Accordiog 10 W. Biltz and tL Sleiner) 
hoDt ilukiDC AElet 

.SI.5 "S.3 



Tablk 18- 



I 



8. Influence of "Inoculation" on Internal Friction of Emul* 
lOldl. A remarkable phenomenon has been observed by H, Gar- 
' In uutiiig il may be mentioned that H. Zangger observed ordinary milk W 
Iww thM behavior. 
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Atelone had a similar influence while the higher alcohols were less 
effective. Fig. 24 gives a picture of the results. 

A case differing from those hitherto mentioned in that it 
concerns an emulsoid which spontaneously grows less viscid with 
lime has been described by H. W. Woudstra' in his work on the 
toluol sols of rubber. As he has madeonlyapreliminary statement 
*e cannot be sure that this case is a true exception. Woudstra 
■fund his carbon tetrachloride sols to become cloudy with time.* 




5 to \2 Hours 

—Effect of lime upon Uie viscosil)- of serum albumin to which alcohol has 
been added. (Accordbg to J. Simon.) 

Kseems possible, therefore, that under the experimental conditions 
I by this investigator his solutions coagulated, in which case 
teir behavior would naturally be irregular. Their method of 
preparation (swelling, trituration, filtration through glass wool) 
may also have influenced his findings. His solutions may have 
contained "imdissolved" particles which at flrst caused a 
high viscosity, but which, later, after their "solution," led to 

' H. W. Woudatra: Kolloid-Zeilschrift. 5, 33 (1909). 
Dr. Ftrauer of Leipzig has also observed that filtered solutions of purified 
f which arc originuUy entirely dear show ftoccidi after standing some weeks. 
cbcD I have been able to make analogous observations on benzol rubber sols. 
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jected to the influence of heat their viscosity is affected in tl 
same way and as markedly as when they are treated mechanicaU 
Prolonged heating decreases the internal friction of these so! 
tions. By prolonged boiling, it is possible to so change a sol 
tioQ of gelatine or glue that it will no longer solidify when coolt 
When alcohol is added to a gelatine solution thus altered by pi 
longed boiling, a yellow precipitate is thrown down, which 
easily soluble in water. A precipitate similarly produced 
normal gelatine only "swells" when thrown into cold water. Tl 
was observed as early as 1867 by Moritz Traube.^ Traube call 
the modification which would no longer gelatinize. gelatine 
P glue in contrast to the normal, gelatinizing a form. Tat 
20 and Fig. 25 copied from P. von Schroeder (I.e.) illustrate wh 
has been said. S. J. Levites' has made further experiments < 
purified gelatine (gluten), agar-agar and on the sodium salt 
thymonucleic acid with entirely analogous results. 



Table ao, — iNFLiiENce op Heating on the Viscositk 
(According to P. von Schroeder) 


Gelatine Sonraor 


HQur. of hutiDH to 
about 100° 

■ percent. apereml. 


iti 


apercenl. 
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10. Influence of Concentration on Internal Friction of Emul- 
ids. — The influence of concentration upon the viscosity of 
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Fig. 25.~£ffect of prolonged heating on the viscosity of a*^gelatine solution, 

, j (According to P. von Schroeder.) • 
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f^iG. 26. — Influence of concentration on viscosity of gelatine solutions at 35®. 

(According to S, J, Levites.) 

nulsoids simulates its effect upon suspensoids. This is clearly 
Went on comparing Figs. 26 and 22, in doing which it is well to 
11 
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limit oneself to comparison involving the same temperatures, 
Examples of the effects of concentration are given in the follow- 
ing Tables 2i and as. 

Tabt.e 11. — InrnjENCE OF Concentration on Viscosity or Gklauke 

Solutions 
(According to S. J. Levites) _, .^i v\. 



D.3S 1 I 
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i.iSfi 
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I.O 


t.l63 
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i.33» 
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3.0 


1.43' 




S 1 


7S 


3.0 


1.603 




O 1 3 


OS 


4.0 


,.8siS 




1 3 


96 ; 
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Emphasis should be laid on the fact that the above measui^ 
meats refer either to low colloid concentrations or were obtained at 
higher temperatures. As every one who has experimented with 
gelatine or agar-agar well knows, there is, for every typical emulaoid, 
an optimum concentration and an optimum temperature at which 
the solution gelatinizes. Thus solutions of night-blue above 1.575 
per cent, are so thick at 0° that they no longer flow through 3- 
viscosimeter. We wish here merely to point out that the influ- 
ence of concentration on viscosity in typical emulsoids is veiy 
great. Thus the viscosity of an agar-agar solution (at room 
temperature) varies within the first 2 per cent, from that of pure 
water to that of a solid. If one compares molar instead of per- 
centage concentrations, the great absolute increases in the value as 
well as the abruptness of the viscosity changes appear still mofe 
striking. 

The effect of temperature on the concentration influence is auti 
that dccrea.sing the temperature makes the ascent of the curve 
steeper, while increasing the temperature flattens it (see Fig. l^)■ 
This behavior is analogous to that observed in molecular dis- 
persoids and probably to that observed in suspensoids. Added 
substances like salts increase or decrease the slope of the curve as 
do temperature changes. Purification of Ihc technical night-blue 
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Taslb ij.— Infldsnck or Concehtration on Viscosrrv of Nicht-blpe ^^^H 


SOLGTIONS ^^^H 


(According to W. Biltz and H. SteinEr) ^^H 
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(which is ordinariiy contaminated by about 43 per cent, sodium 


sulphate) decreases the slope of the curve, that is, has the same \ 


effect as raising the temperature. It is not impossible, however, | 


\hat the addiUon of other salts, such as the chlorides, nitrates, etc., 1 


night have an opposite effect. Chemical changes in the colloid 


tself also change the character of the concentration curve, as is 1 


vident in the tables and curves referring to a and gelatine. 


A mathematical de&iition of the influence of the concentration 
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on the viscosity of emulsoids, in other words, an equation adequal 
for the whole range of concentrations has not yet been formulated 
But this is also true of molecular dispersoids [see S. J. Levites (Ix. 
where references to the Uterature may be found]. Yet the regu- 
larity of the Biltz curves {Fig. 27) indicates that a general, even 
though empirical, equation may be worked out. I have purposely 
inserted the numerous tables in the text to excite interest in tiiii 
direction. 
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Fig. a7.^lDfluence of concentralioQ on the viscosity of night-blue soluliws- 
(According to \\\ BiUz and //. Sleiner.) The curve marked " G" show» the behavwl 
of the purilied night-blue.| 

II. Influence of Temperature on Viscosity of Emulsoids.— 

Besides the influence of concenLration on the viscosity of emulsoids, 
described in the previous paragraphs, there exists also a relation 
between temperature and viscosity which is observed wbenall othet 
factors are kept constant. But systematic investigations of thil 
type over a larger temperature range have not as yet been made. 
For reasons already given, only dilute emulsoids can be used for 
such study. Some approximate determinations of the averagi, 
temperature coefficients of the viscosity of emulsoids are, howevw, 
at hand. Thus the internal friction of pure water changes aboni 
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^^B per cent, between 21*' and 3i°C. In contrast to this, the 

^^TOOsity of a 3 per cent, gelatine solution, within the same tem- 

■ perature range, changes from 1.42 to 13.76, in other words, almost 

■ jooo per cent. (P. von Schroeder, I.e.). According to Biltz and 

Sleiner (Ix.), the absolute viscosity of a 1.8 per cent, solution of 

night-blue rises from 10.5 to 32 between 25° and 0°, in other 

words, triples, while the viscosity of water merely doubles 

under the same conditions. With higher concentrations the 

changes in viscosity within very narrow ranges of temperature 

become extraordinary, for the existence of gelatination and melting 

points means nothing else but that, within a temperature change 

of a degree or less, the viscosity of such systems changes from 

that of a fluid to that of a solid, 

12. Influence of Added Substances on Viscosity of Emul- 
Boids.^The influence of added substances on viscosity, when all 
other external factors have been kept constant, has also been 
thoroughly investigated. Of the mass of facts available ui this 
field we shall mention only a few. For details the original papers 
should be consulted. 

So far as the important effect of salts upon emulsoids is con- 
temed. the accuracy of most of the earlier measurements is vitiated 
Imause impure preparations, contaminated with electrolytes, were 
-cd. Only recently have Wo. Pauli and his coworkers (/.c), 
i^ a careful and searching series of investigations, shown what 
minute amounts of electrolytes suffice to cause substantial changes 
in the viscosity of organic emulsoids. Nevertheless older experi- 
ments with commercial preparations and those purified by ordinary 
laboratory methods are not valueless, for such colloids are used in 
many of the arts and for some scientific purposes. 

We must distinguish between the effects of salts on the vis- 
Codty of emulsoids which with time are either stable or un- 
itaWe. When of the latter class, as with gelatine, a distinction 
nuit be made between the initial value of the viscosity as ob- 
rved immediately after the addition of a salt and the final value 
■ hich is approached only asymptotically. According to the 
ti[)erinicnts of P. von Schroeder (/.c), S. J. Levites (Lc.) and 
UokuQ {i.e.). the first of these values follows the general rule of 
mLttures; salts which raise the internal friction of water affect 
"lloid solutions similarly, and vice versa. The final value ex- 
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values in gelatine solutions which have stood for an hour. Tal7^^ 
23. B, details the difference in viscosity between salt-gelatine at»" 
pure gelatine. If the difference is positive it means that tl»^ 
viscosity of the gelatine has been increased by adding the salt* 
■while if it is negative it means that the viscosity has been reduce*:^ 
to below that of pure gelatine. 

It appears that sulphates in all concentrations increase th^^ 
internal friction of gelatine, while chlorides and nitrates decreasff^^ 
it. with the exception of MgClj and LiCl in higher concentrations. 
The exact concentration of the salt, however, plays an important 
part, especially in the chlorides which in medium concentrations 
(about I4 normal) show a maximum of \iscosity which someti 
exceeds that of pure gelatine. Further details may be found ^ 
the tables and curves.' 

If the anions of the added salts are arranged according i 
their effect we obtain the series: 

S04>CI>N0, 

In the case of the kations \'ariations occur with different 
concentrations. If we choose the values found for ^^ normal 
solutions we find that the sulphates and the chlorides arrange 
themselves as follows; 

Mg>Na>Li>NH*>K 

Ample opportunity will be found later, to return to these 
"ionic series," which in honor of the investigator who discovered 
them are now known as the Hofmeister series. There we shall 
also find that the complicated influence of the concentration of a 
salt is not an accidental or an exceptional one, but an expression 
of general characteristics of the relation between any salt and a 
change in the state of the colloid system. 

P. von Schroeder {Lc.) has investigated the important in- 
fluence of acids and alkalies on the viscosity of gelatine solutions. 
His findings are detailed in Table 24 and Fig. 29. The influence 
of concentration is again comple.\, for at certain low concentrations 
O'Ssc normal for HCl and 'Vas normal for NaOH) a maximum 
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viscosity is attained, while at concentrations above J^g normal a 

\"iscosity below that of pure gelatine is c 
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tic. tij. — Effect o( HCl and NaOH upon the viscosity of gelatine. (According ti 
P. von Schroeder.) 



—Influence op HCl and of NaOH on Viscosity of Gelaiihe 
(According to P, von Schroeder) 
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Similar effects of concentration, more especially of the alka- 
lies, on the viscosity of soap solutions have been observed by F. 
Bottazzi and C. Victorow (I.e.). 

13. Effect of Added Substances on Internal Friction of Emul- 
soids; Behavior of Protein Solutions. — Through the work of E. 
Laquer and O. Sackur {I.e.), W. B. Hardy (l.c.) and others, and 
especially through that of Wo. Paul! and his coworkers (I.e.), we 
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have become better acquainted with the behavior of variou; 
tein soludoDs such as those of serum albumin, egg alb 
globulin and casein in the matter of their viscosity when sub; 
to the effects of added chemical substances. These solutioi 
long to the cmulsoids. Time alone changes their internal fri 
yet these changes take place so rapidly that the final vis' 
value is reached within a few minutes. Because of this and be 




0005 (tor aot 001 00* 

Fig. 30. — Influence of acids upon the viscosity of senim albumiQ. (Accoi 

Wo, Faidl and //. UaiiJovsky.) n means viscosity. 

the proteins can be isolated and better purified than gelatii 
example, they adapt themselves especially well to a study » 
important problem. 

The most striking fact that the study of the influence ol 
trolytes on the viscosity of purified protems has brought 
the enormous change in viscosity which is produced by troi 
eleclrolyles. This is especially true of acids^ and alkalies ■ 

in proton, 
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Table 25. — ^A. Inplttence of Acids on Viscosity of Serum Albumin 
(According to Wo. Paul! and H. Handov^sky)^ 



Internal friction 



Ooaoentration 


1 

' HCl 


' Citric 

1 acid 

1 

1 


Oxalic 
acid 


Sulphuric 
add 


Trichloracetic 
acid 


Acetic 
acid 


0.00 norm. 

0.005 

0.01 

0.015 

0.017 


1.0409 
1.0832 
Z.1660 
1.2432 
1.2432 
1.2323 

I. 1647 
I . 1356 
I. 1206 


i 
1.0409 ! 1.0409 


1.0409 


1.0409 
1.0511 
1.0725 


1.0409 


1.0442 1.0688 

1 


I. 0613 


1.0456 





......... 






0.02 
0.03 
0.04 
0.05 


I. 0661 
1.Z002 
1.1112 
I. 1408 


I. 1337 
I . 1634 

I. 1852 

I. 1700 

i 


I. 0613 
I. 0604 
1.0638 
1.0656 


1.0594 
1.0525 
1.0564 
1.0603 


I. 0518 
1.0658 
1.0751 
1.0906 



B. Inflttence of Bases on Viscosity of Serum Albumin 
(According to Wo. Pauli and H. Handovsky) 

Baae 



^^Kiium hydroxide 

^Hunonia 

A'licthylamine 

Ethylainine 

Methylamine 

Diethylamine 

Piperidine 

TetraSthylammonium 
hydroxide 



Concentration 


Friction increase in 
per cent. 


Concentration. 
OH'.io-* 


O.OI norm. 

1 


78 


960 


j 0.02 


151 


1900 


0.03 


19s 


2805 


1 0.01 norm. 


19 


49 


0.03 


23 


82 


0.05 


28 


108 


0.01 


20 


85 


0.03 


28 


148 


0.05 


33 


196 


0.01 


37 


214 


0.03 


6s 


390 


0.05 


83 


465 


0.01 


40 


204 


0.05 


76 


442 


0.01 


S2 


308 


0.03 ! 


103 


564 


0.05 


146 


800 


0.01 1 


53 


334 


0.03 


109 


627 


0.05 


151 


82s 


0.01 


116 


922 


0.03 


221 


2718 


0.05 


230 


4490 



' See H. Handovsky, Koll.-Zeitschr., 7, 268 (1910). 
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sbov a behavior cntiiely analogous to that discussed in i 
ncctioa with gdatine on p. 169. Thus Wo. PauK and H. Hai». -2 
dovaky (Ix.) found that the addhioo of 0.015 normal HCl suE"— ; 
fices to raise the \Tscosit>' of a serum albumin solution frora-a 
1.0623 'o ^-2957. in other wwds. more than jo per cent. Witla 
alkalies, a ctmcentration t>i Ho« normal tetraethylammoniurkn 
hydroxide is enough to increasr the viscosity 250 per cent. Table ' 
25 and Figs. 30 and 31 may sen-e to illustrate these facts. 




L 



So far as the effect of salts is concerned, it is found that this 
is different depending upon whether neutral, acid or alkaline 
albumin is used (Wo. PauU). The relations are complicated 
especially when the effects of different concentrations of acids and 
alkalies as well as of salts are considered- It remains for future 
investigators to give us a clear and comprehensive presentation 
of this subject. 

The following features deserve emphasis : Neutral salts always 
lower the viscosity of neutral protein (Wo. PauH). This be- 
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1 the viscosity of s 



havior is analogous to the effects of salts c 
pensoids (see p. iji). 

WTien we deal with acid albumin it is found that the anions of 
the neutral salts play a greater r61e than do the cations. Salts 

^ usually lower the viscosity, though complicated concentration 
relations appear. With a common cation the anions decrease 
the viscosity in the following order: 
C,H»Oi>S04>SCN>N03>Cl 
(E. Laqueur and O. Sackur (I.e.), W. Frey (/.c), H. Procter,' 
L. Zoja (I.e.), Wo. Pauli (I.e.) and others.) 

The reverse is true with alkali albumin, where the cations play 
'he chief part. From a qualitative point of view all the salts bring 
about a decrease in viscosity, but when the effects of equal amounts 
of salts are compared a greater decrease is noted in alkali albumin 
'haninacid albumin. The salts of the alkali earth metals pxert a 
stronger influence than those of the alkali metals. 

14. Influence of Added Substances on Viscosity of Emulsoids. 
Effects of Non-electrolytes and Mixture of Di^iersing Media. — 
■• on-eteclrolytes in low concentrations usually change the viscosity 
**» emulsoids only to the extent in which they increase the viscosity 
^' the pure dispersion medium (S. J. Levites, Wo. PauU, etc.). 
"^et it is not impossible for non-electrolytes even in low concentra- 
^Ons to influence the viscosity somewhat. Thus Handovsky 
*Ound that caffeine causes a verj' perceptible increase in the 
^scosity of acid albumin.' We need more experiments in this 
field. 

In greater concentrations the addition of non-electrolytes 

Causes very perceptible non-additive changes in viscosity- J. 

Sunon {/.c), for example, found alcohols, acetone, etc., to increase 

markedly the viscosity of albumin solutions. In future studies of 

these phenomena it might be well to subtract from the observed 

changes in viscosity those increases which result from mere 

mixiiig of the alcohol with water. Only then will the true changes 

^mw viscosity due to the change in the colloids themselves be 

^^bearly evidenced. 

^V Several albumins, such as thezeinof Indian com, are remarkable 

' H. Procter, Koll.-Zdtachr., 3, 307 (1Q08). 

' Morphine, alcohol in low concentralion, etc., probably produce similar 
eSecu. 
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in that they dissolve neither in water nor alcohol, but in a mixture 
of the two.^ It would be interesting to study the viscosity be- 
havior of such systems. The same is true of many dyes which 
although soluble in each of the pure solvents show different de- 
grees of dispersion and even different types of colloidality in 
the two.' 

15. Viscosity and Electrical Charge of Disperse Phase- 
Nothing is known as yet of the influence of the electrical charge of 
the disperse phase on the viscosity of suspensoids. It is probable, 
however, that more exact measurements will show the existence 
of such an influence. We suppose this because every electrically 
charged particle induces about it an electromagnetic field which 
hinders its movement whether such is "spontaneous" or brought 
about from without, 

On the other hand, E. Laqueur and O. Sackur (/.c), W. B. 
Hardy (l.c.) and especially Wo. Pauh (I.e.) pointed out long ago 
that the electric charge of protein particles greatly affects the 
viscosity of those solutions. These investigators hold the elec- 
trically or electrochemically charged particles in these solutions 
to spring from an electrolytic dissociation sim'lar to that observed 
in molecularly dispersed, slightly dissociated systems. As will 
become more evident in the chapter on the electrical properties 
of colloid systems, this assumption has proved both satisfactorTr- 
and fruitful in explanation, for example, of the variations in 
viscosity caused by added substances. It may be said that when 
the viscosity of a neutral emulsoid rises on the addition of some 
substance, this is due chiefly to an increase in the number of dis- 
sociated {electrically charged) colloid particles. The correctness 
of this view is at once evidenced when we recall to mind the 
striking increase in the viscosity of gelatine, soap, or protein 
solutions when small amounts of acids or alkalies are added 
to them. The decrease in viscosity observed in higher concen- 
trations of the acids and alkalies follows the decrease in dissocia- 
tion. The effect of salts n lowering the viscosity of acid- and alkali- 
colloids corresponds with the effect of salts in depressing ionization 
when a common ion is introduced.* Table 25 (p, 171) may serve 

' See the detailed paper oF G. GaleoUi and G. Giampalmo, Roli.-Zeitscbr.,3, tiS 
(1998), where rererencea to the literature may also be found. 

«H. Freundlich and W. Neumann. Koll.-Zeitschr.. 3, So (1908). 

' For B dbcussioa of the dectrochemical side of these views see the tCKtboo la of 
physical chemistry. 



■ MECHANICAL PHOPERTTES OP COLLOID SYSTEMS lyj * 

'W to show the general parallelism between concentration of OH ions 
md viscosity. Certain exceptions to the general rule are, however, 
to be noted, as in the case of piperidine. 

^The weU-grounded fact that ions are more strongly hydrated 
than electrically neutral undissociated molecules explains why 
increase in dissociation and increase in viscosity go hand in hand. 
As a result of the magnetic field about the charged particles, or at 
least through its increase, we may imagine the solvent to be held 
more closely in the solvent envelopes about the separate particles. 
Thus also will the internal friction be increased and the separate 
particles become less mobile for now the charged particles have 
'arger envelopes of the dispersion means about them. But let 
Us not fail to point out that it does not seem safe to say that this 
direct application of electrochemical laws will, in the future, show 
'tself to be entirely adequate. But the ability of these laws to 
elucidate at least some of the complicated relations observed shows , 
*^em to be at least partly active. 

Future investigators may reveal great discrepancies between 
^-lie laws governing the behavior of colloid systems and the electro- 
*^heraical laws which apply to molecular and supermolecular dis- 
perse systems. Notwithstanding isolated analogies, colloid sys- 
tems may be found to be governed by electrochemical laws which 
are not subordinate to those governing molecular systems but 
Coordinated with them. Great variations from normal electro- 
chemical behavior are already known in the case of suspensoids.' 
We can discuss these questions to greater advantage when we come 
to consi<ler the electrical properties of colloid systems.' 

i6. Viscosity and Degree of Dispersion; Viscosity of Coarse 
and Complex Dispersions. — Only a few observations are available 
on the theoretically important relation between degree of disper- 
aon and viscosity, and no systematic study has as yet been made 
of any number of systems with progressively varying degrees of 
dispersion. Theoretically one would expect the viscosity of a dis- 
per.'oid to grow with every increase in the amount of contact sur- 
face, in other words, with the degree of dispersion. It is here as- 
sumed that the particles of the disperse phase move about with 
greater difficulty than do the particles of the dispersion means 
itself. The dispersion medium, held in the often-mentioned sur- 
' See Wo. Ostwald, KoU.-ZeiiBchr., 7, 131 (1910). 
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face membranes, must have in addition to its usual character- 
istics a decreased mobility. Experimental evidence can be cited 
to support this view. The experiments described on p. 151, deal- 
ing with the decrease in the viscosity on ageing or the addition 
of salts, show a distinct parallelism between decrease in degree of 
dispersion and decrease in viscosity. K. Beck and K. Ebbinghaus' 
found that coarse emulsions of castor oil in water did not greatly 
change the viscosity of the water, but after gum arable or similar 
substances had been added which permitted the attainment of 
higher dispersion, the viscosity rose considerably above that of the 
oil or the pure gum solution. The increase amounted to 44 per 
cent. The fact that cellulose becomes slimy and viscous with long 
grinding indicates the same thing. G. Buglia^ found milk to show 
a distinct increase in viscosity after being "homogenized." that 
is to say, after having its fat finely divided by being squirted against 
an agate plate. A. Martici' has studied the viscosity of oil emul- 
sions in soap water and found that their viscosity increases as 
the oil droplets become smaller. 

But observations can also be cited to support the opposite 
view. Cases are known in which the viscosity increases as the 
degree of dispersion decreases. In the case of molecular disper- 
soids, it is the rule that when the substances have a high mole- 
cular weight that they show a greater viscosity. We need but 
consider the salts (soaps) of the homologous fatty acids in water 
(see p- 143). While the lower members (acetates) change the 
viscDsit>' of Water but little, aqueous solutions of the higher 
members are solid. The association of changes in molecular 
weight with changes in the viscosity of colloid night-blue solu- 
tions under the influence of changes in temperature has been 
observed by W. Biltz and A. von Vegesack (I.e.)- They calculated 
from direct osmotic measurements the molecular weight of 
technical night-blue at 0°, 25°and 50° to be, respectively. 11,550, 
5260 and 3550. A glance at the viscosity curves of Fig. 27 shows 
that the greatest viscosity coincides with the greatest molecular 
weight. The phenomena in critical fluid mixtures may also be 
used to show direct parallelism between viscosity and degree of 

' £. Beck, Zeltschr. Pbysik. Cbcm., 58, 409 (1907); K. Ebbinghaus, Dis$.,L 
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dispersion. As first observed by J. Friedlandcr,' a mixture of 
but\-ric acid in water, which is completely miscible at higher tem- 
peratures, shows a great increase in internal friction when cooled, 
iTtd this increase occurs in the region where the system begins to 
iLiirae turbid, in other words, where the components begin to 
l>arate. This separation must of necessity be highly dispersed 
I ji the beginning as evidenced by the fact that a bluish opalescence 
first appears when the solution is still perfectly transparent. 
The degree of turbidity and the viscosity at first increase steadily 
as the separation proceeds. It is not impossible that in this 
case there occurs not only an increase in the number of drop- 
Irti but also an increase in their size, for ultimately a coarse 
separation of acid in water is obtained which of course cannot 
kve occurred suddenly. We can also cite an example which 
shows the opposite of what was said above in discussing cellulose. 
ffighly "masticized," that is to say, mechanically treated rubber, 
jidds much less viscid solutions than the untreated. 
' In an analogous manner the increase in the viscosity of emul- 
iis with time during their gelation indicates a decrease in their 
■'jree of dispersion. 

I The conclusion to be drawn f com these seemingly opposed facts 
would he that, other conditions being constant, a disjiersoid reaches 
its highest viscosity at a medium degree of dispersion. The experi- 
mental verification of such a conclusion is a problem of the future. 
There is much practical as well as theoretical interest attached 
I" it comparison of the viscosity of coarse dispersions with those of 
■ 'lloid systems. While observations on the viscosity of coarse 
"■■-[jensions' are few, much more is known regarding the behavior 
' coarse emulsions.* Of course in many of these experiments we 
'J. FriedlHnder, Zdtachr. f. phvsik. Chem.,38, 430(1901); V. Rothmund, iiid., 
■-i. 51(1408). 

' Utsides the well-known behavior of sand we may point out that M. Franiien- 
'^1 [/ouni. f. prakt. Chem., 54, 433 (1851)! details some observations on increase 
iitcosty caused by the taking up of solid particles. 

'■ iiifides the works of E. Beck, K. Ebbinghaus, J. Fnedlander, V. Rothmund, 
liut-iia and J. Simon we may also cite M. Boae, Pnysik.Zcilschr.,83, 47 (1907J; 
■ lilektroch., 13, 4gQ (1907); R. Schenk, Kristall, FlUssigkeiten, 32, Leipzig, itios; 
uchwald. Diss. Marburg, 1905; D. Holde, Koll.-Zeitschr., 4, 370 (igoS) Emulsions 
ol Water in Mineral Oils, etc.; Wo. Ostwald, KoU.-Zeitschr., 6, 103 ttgio); E. E. 
flatichek, ibid., 6, 254 (1910); 7, n (igio); T. B. Robertson, ibid., 7, 7 (rgio); 
S. U. Pickering, ibid., 7, 11 (1910) where references to the old literature may be 
found; M. W. Bejferinek ibid,, 7, 16 (1910), Emulsions Consisting of Two Colloids; 
F. G. Donnaa, Zcitschr. f. physik. Chem., 31,42 (1899); KoU.-Zeitschr.,7, 208 (1910) 
■ilb H. E, Potts. 




1 78 SPECIAL COLLOID-CHEMISTHY 

deal with complex emulsions consisting of more than two phas^ 
Still a comparison of the viscosity relations of these systems wi ti 
those of the emnlsoids shows so many and at times such surprisinj 
analogies that a short discussion seems valuable especially since i 
serves to support the belief that emulsion colloids are systems hav 
ing the composition liquid + liquid. An excellent example of the 
increase in the viscosity of a liquid when a second insoluble one is 
emulsified in it, is offered by the so-called solid lubricants (engine 
grease). Even 0.75 per cent, of water when thoroughly mixed into 
liquid solutions of soaps in mineral oil will convert these into salve- 
like bodies of so high viscosity that they may be spooned out in 




Fio. ji.^InDuenceof coQcentralionupon the viscosity of acasloroil-i 
(AccordlDg to K. Beck.) 



coherent masses (D. Holde, I.e.). The same example serves to 
demonstrate the influence of concentration on the viscosity of coarse 
emulsions, for this varies within the concentration limits of to 
0.75 per cent, water from that of a liquid soap to that of a "solid' 
lubricant. Another illustration of the latter has been found by K- 
Beck (I.e.) and his coworkers in their work on emulsions of acacia 
water and castor oil. While small amounts of emulsified castot 
oil but slightly increased the viscosity of the gum arabic solutions 
certain higher concentrations caused sharp increases. Fig. 3' 
illustrates this behavior which is fully analogous to that observed 
in emulsoids. Excellent analogies for the great effect of temper*- 
ture on the viscosity of lyophilic colloids can also be found in the 
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ease of the coarser emulsions. J. Friedlander {l.c.) and V. Roth- 
niind (l.c.) found the viscosity of critical fluid mixtures to be 
very sensitive to temperature. The temperature coefficient of 
viscftsity in these ranges is three to five times as great as in those 
in which the system has lost its emulsion nature. The machine 
oils already mentioned may serve as further illustrative material. 
T^dr decrease in viscosity with increase in temperature is so great 
that one may distinguish a softening point and a dropping point 
which may at times lie but one degree apart. 

This indicates that their viscosity may fall from that of a solid 
to that of a liquid within the space of a few degrees, a suddenness 
of change which is similar to that observed in the melting points 
of solids. Finally, attention should be called to a third system, 
namely, that Of an alcoholic solution of rosin containing a little 
water, investigated by J. Friedlander. This also possesses a 
relatively large temperature coefficient, namely, one of 5 to 6 per 
cent, per degree of temperature against that of about 2 per cent, 
for water. 

17. Viscosity and Type of Disperse Phase. — We have thus far 
considered the \'iscosity relations of only the more common and 
important dispersoids, namely, those having the composition Uquid 
+ solid and liquid + liquid. It should, however, be remembered 
"lat remarkable increases in viscosity of a liquid dispersion medium 
oiay be caused by finely dividing a gaseous phase in it as illus- 
trated by the mechanical properties of foams which often have 
inany of the characteristics of a solid. We need of course to take 
iQto account that strictly two-phase systems of the type Hquid + 
fas are hardly known and that the stabihty of most foams is closely 
associated with their so-called adsorption phenomena by virtue 
of which the gas bubbles condense dissolved substances upon their 
Surfaces with consequent formation of solid films. Yet such 
adsorption processes are, in many cases, completely reversible 
and the fluid nature of the membranes is preserved throughout. 
Ihxa saponin foam melts down to a homogeneous fluid perfectly 
free from coagula, and egg-white may be freed of the threads and 
coagula present in it in its natural state by beating it to a foam. 
The greater part of the foam subsequently melts down to a solu- 
tion perfectly free from flocculi. This is evidence for the fluid 
nature of the walls of the foam. The preparation and detailed 
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investigation of colloid foams would evidently be of great interest 
to general colloid chemistry.' 

If one compares the internal friction of the three typical dis- 
persoids ha\ing a fluid dispersion medium, it is found that a low 
initial viscosity of disperse phase by no means precludes the at- 
tainment of high Wscosity values for the whole system. In fact, if 
colloid dispersoids are compared with each other, it is found that 
emulsoids usually exhibit a higher viscosity than the suspensoids 
having the same concentration and, in view of the great stability 
of highly dispersed foams, it even seems as though such when in 
a colloid degree of dispersion might show still higher viscosity 
values. We must of course distinguish between high viscosity and 
the value of other physical properties such as hardness. Paradox- 
ical as it may seem, it even appears as though viscosity of the dis- 
persion medium and viscosity of the disperse phase may be only 
of indirect significance, for it seems probable that the properties 
of the different surfaces (liquid-solid, liquid-liquid, and liquid- 
gaseous) and not the low viscosity value of the disperse phase 
itself are primarily responsible for the viscosity of the dispersoid 
as a whole. 

§26. Surface Tension of Colloid Solutions 

I. General Remarks. — A closed two-phase dispersoid has a- 

series of surfaces. The most important is the one between the 
disperse phase and the dispersion medium. There is, in addition, 
the surface between the whole dispersoid and its surroundings, in. 
considering which we must distinguish between the surface bound- 
ing the dispersoid and its vapor and that between the dispersoid and 
the walls of the vessel. If we remember that there are two surface 
energies in every surface, then we may distinguish six different 
surface tensions. If we consider that the disperse particles may 
also come in contact with both the gaseous boundary and the 
walls of the vessel (as is actually the case in the adsoiptiou 
phenomena occurring in three-phase systems), the number of 
tensions to be considered is increased to ten. while in three-phase 
dispersoids the number rises to eighteen. We cannot say in ad- 
' For ^mc observiiLlons on line foams see Wo. O&twald, KoU.-ZeiUchr., t,iS} 
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kance that this or that surface tension is insignificant in determin- 
ing the characteristics of a dispersoid or a colloid. The expansile 
surface tension between the dispersion medium and vessel walls, 
tor example, determines its ability to "wet" the surface; while the 
relation of positive to negative surface tension between the dis- 
perse phase and dispersion medium determines the degree of dis- 
persion (see p. 8i). Other groups of tension are responsible 
lor ihe processes of coagulation, adsorption, etc. At the present 
tiffle, however, the sense and value of only a few of these tensions 
are known; in fact quantitative measurements are available of 
but a single surface tension, namely, that of the positive tension in 
the surface between the dispersoid and its vapor. 

2. E^>eriiiiental Facts.~Investigations show that the positive 
surface tension' of a colloid solution at its free surfaces may be 
more, or less, or equal to that of the pure dispersion medium 
(Raylcigh,^ A. Pockels,' W. Ramsden,* G. Quincke,' H. Picton and 
S, E. Linder,* L. Zlobick!,^ W. Frei,« G. Buglia,* F. Bottazzi and 
C, Victorow'"). Usually the tension is less. 

The surface tension of water is increased by gum arable, starch 
and plum gum. It is lowered by gelatine, glue, egg-albumin, dex- 
trin, cherrj' and sweet cherry gum. It is greatly lowered by fats, 
fatty acids, soaps, resins, tannic acid, etc. Tables 26 and 27 taken 
from G. Quincke and L. Zlobicki may serve in illustration. 

Both the increase or the decrease in surface tension follows the 
"iiicent ration of the colloid. Traces of fatty acids, of soaps, etc., 
suffice to lower greatly the surface tension of water as seen in Table 
*6. The surface tension of colloid solutions as of liquids in general 
decreases as the temperature rises but. as Table 27 shows, is much 
niote marked than in the case of the pure dispersion medium alone. 

'The Leitbooks of physics and physical chemislry jhould be consulted foi 
ttrthods of measuriog the positive surface tension. 

'lUyleigh. Ptoc. Roy. Soc.. 47, 364 (1890). 

'A. Pockels, Nature, 46, 41S I1S93); Drude's Ann. d. Physlk., 8, Ut/oi). 

*W. RftmsdcD, Engelroann's .^rch. f. Anat. und Physiol. Abt. t. Physiol., 517 
il8«)l Z, !. physik. Chem., 47, 341 (tgai); Proc. Roy. Soc., 7». 'S^ (1904). 

■ G. Quincke, Wiedemann's Ann., 35, 581 (1S8G) Ber. d. Bcrl. Akad. d. Wisscnsch., 
3^4Q3>S5S (1901); Drude's Ann. d. Phy^., 7,6ji (igoi), ibid., g,^6^ (igoi); ibid., 
10, so? (1903); ibid., II (1004). 

'H. Picton and S. E. Linder, Joum. Chem. Soc., 87, 1914 {1905). 

' L. Zlobicki, BuU. Acad. Sc. Cracovie, Juli. 488 (1906)- 

'W. Frei, Zur Theorie der HSmolyse, Diss,, Zurich, 1907; Transvaal Medic. 
)™m., August, IQOB. 

'G. Buglia, Bioehem, Zeitschr,, II, 311 (1908). 

" F. Bottuzi and C. Viclorow. Rend. R. \c. Line, 19, 659 (1910), 
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it. — ^SuRFACE Tensions or Colloid Solutions at about » 
(According to G. Quincke) 



Water 

Egg-albumin. . 



Aqueous bile solution (q%)., 
Venetian Soup 

Koou pet cent 

J4oo perccDt 

J4o per cent 

Tannic acid, lo pn cent 

Gum arabic. lo per cent 

Isinglass ] 

Gelatine ) very dilute. . . . 

Agar ) 



036s 
0384! 



8.»S3 

5-934 

I 5-370 U 

I 4-913 

S-o7"i 



1. 671 
J.S63 
S-8S7 

7.603 
6.790 

7.172 
7.84J 



Table 37.— Surface Tensions of Cot-toui Solutions 
(According to L. Zlobicki) 


)C»D 


13 ecUtiiw la iDO 


c. nlutioD 


a Gi&ms gDin itmbjc in lOO cc »l<itii»l 


Temp. 


Sutfm™ t«D«a 


QinmB.f=m. 


w 


SuIfM^B tendoa 


inrntMo. 


SoluUon 


W«l« 


Solution 


WMn 


II. 3 

17.0 


1 6.6] 

5.98 
1 S-70 


7.69 

7-S» 
7.43 
7-3* 


6.6 

17.0 
14-0 


3.66 
8.47 
8.16 

7.75 


7.6fi 
7-59 
7.4» 

7-33 



L 



The type of the disperse phase is of partictilar importance in 
determining the change in the surface tension of the pure dispersion 
medium. This is indicated by the fact that all the above-men- 
tioned examples are emulsoids. Coarse suspensions and suspensoids 
hardly alter the surface tension of the dispersion medium. H. 
Picton and S. E. Linder [l.c) found suspensoid arsenious tri- 
sulphide, even in concentrations of a per cent., and dilute iron hy- 
droxide to produce so minimal a decrease in the surface tension 
of pure water that it scarcely exceeds the experimental error. 
N, Sahlbom' obtained analogous results. L. Zlobicki {Ix.) found 
coarse aqueous suspensions of emery, mastic and gamboge and 

' N, Sahlbom, KoUoidchem. BeiU., a, No, 3 (1910). 
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colloid suspensions of silver and platiniun to have the same surface I 
tension as the pure dispersion medium. The temperature cocffi- | 
cientof the surface tension of these systems was also the same as I 
that of the pure dispersion means. 

These results seem to show that only emulsoids decrease the 
surface tension of their dispersion media. This difference can, in I 
fact, be used as a means for distinguishing the two classes of col- 
loids from each other. Here again is evidenced the close connec- ' 
tion between emulsoids and molecular-dispersoids in that the 
latter also always exhibit a surface tension dilferent from that of 
their pure solvents. 

As already indicated (p. 55), the same chemical substance 
may assume either emulsoid or suspensoid properties in dif- 
'erent dispersion media. Thus soaps, many dyes, etc., form emul- 
soids in water while they form suspensoids in alcohol. One 
would expect this distinction to show itself in the surface tension 
behavior of the different solutions when compared with that of 
thdrpure dispersion media, which, in fact, it does, as H. P'reund- 
Ich and W, Neumann^ have found. Table 28 illustrates this in- 
teresting fact in that it shows that the surface tensions of the 
iqueous dispersion media are noticeably decreased while those of 
the alcoholic solutions show no change, or if anything, a slight in- 
crease. 

Tasle aS. — SoBTACE Tensions or Colloid Dves in Wateb and n< Alcohol 
(According to H. Freundlich and W. Neumann) * 




Wiitfi 


7S.0 
68.3 
67.4 
74.8 
73.7 
75. 3 
74.6 
74-4 




ll'.l 


.Virhl-blud . 


iNight-blue 




' Crystal violet . 


2» a 


Ciysulviolet 


"' 


n" 


Rhodsmin 


jj.i 



■ H. Frcundlfch and W. Nf^umann, Kotl.-Zeilschr., 3, 80 (19C8). 
* The surface tensions were measured by the rise is capillary tubes. 
"• This dye is probably molecularly dispersed. 
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The surface tension of emulsoids is changed by the additlm of 
dispersed substances. This was to be expected from their effect 
on viscosity. The addition of small quantities of hydroxyl ions 
raises, while the addition of hydrogen ions decreases the surface 
tension of neutral gelatine or neutral blood serum (G. Suglia, 
W. Frei). F. Bottazzi and C. Victorow observed NaOH to affect 
greatly the surface tension of soap solutions, a beha\-ior which was 
the image of the corresponding one regarding viscosity. Very 
low concentrations caused a great decrease in tension; higher 
concentrations led to an increase which soon reached a maximum 
to give way to a second more gradual decrease. W. Frei found 
the anions SOi. CI, NO3 and the cations Na, K, Mg and Ca to 
increase the surface tension of neutral gelatine solutions in almost 
the same order in which they increase that of pure water. It i^ 
an interesting fact that the order of the anions is reversed depen*i'" 
ing upon whether the gelatine is acid or alkaline. | 

Several interesting investigations show how varied and compl* 
cated are the relations when we also consider the changes in tl** 
other surface tensions of the dispersoid, especially if it is of tl»* 
type fluid + fluid in which we are able to measure experimentaJl;^! 
the surface tension between the disperse phase and dispersio*^ 
medium. According to G. N. Antonow^ and W. C. McC. Lewis |i 
we know of two cases, namely, water-ether and aqueous glyco-^ 
colate solution- mineral oil, in which the surface tension at thrf 
interfaces increases with rising temperature instead of decreasing! 
as is usually the case. Even though this was observed in the cas» 
of but slightly dispersed systems, there is no reason for not be— T 
lieving that temperature exerts a like influence in highly dispersed. 
systems of the same composition. The decrease in capillary 
rise, with increasing temperature, observed by R. Schenck,* in. 
cholesterj'i-benzoate (a so-called crjstalline hquid) may come 
under this head. 

We need now to call attention to a factor which must be 
considered in measuring the surface tension of molecularly dis- 
persed systems but which assumes a still greater importance in. 
colloid systems. Willard Gibbs has formulated a theorem which 
> been confirmed at least qualitatively by other investigatois* 
' G. N. Antonow, Joiirn, Chim. physique, 5, 37J (1907). 




It states that substances which lower the surface tension of the 

pure dispersion medium, tend to collect in Us surface. Because of 

this rise in concentration the surface tension must, with time, be 

come progressively lower wherefore it is conceivable that it may, 

under certain circumstances, attain a value different from the 

original present in the surface immediately after its formation. 

The latter surface tension, which can be measured only on freshly 

formed or constantly renewed surfaces is called the dynamic 

surface tension; that which is present after some time, the 

static. The distinction between these two surface tensions is of 

especial importance in colloid solutions because such very small 

amounts of many colloid substances are able to decrease so greatly 

the surface tension of the pure dispersion medium.^ 

' See the recent work of Wm. C, McC. Lewis, 2. f. physik. Chem., 74, 619 (1910) 
Uwhich are detailed the surface tensions of colloid solutions against their own vapors 
' id against the surface of various liquids. 
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m. MOVEMENT IN COLLOID SYSTEMS AND ITS RESULTS 

§27. Brownian Movement 

1. General Remarks. — ^The Fundamental Phenomenon. — — 
Literature.— All dispersoids of a sufficiently great degree of dis— ■ 
persion and havng a fluid or gaseous dispersion medium, show 
under the microscope and ultraraicroscope a characteristic move- 
ment. This was discovered by the English botanist, R. Brown,' 
and has been named for him. Brownian movement is also known 
as "spontaneous" or "molecular" movement though the latter 
term should be used cautiously. The separate particles of the 
disperse phase exhibit a trembling and rotary movement and when 
the particles are very small, as in colloid solutions, the movement 
has been described by Zsigmondy as "dancing, hopping and 
skipping" in nature and also as "translatory" and "progressive." 
The movement of the smaller particles differs from that of the l 
larger (microscopic) ones in that the former travel along straight 
lines and suddenly change their direction while the latter follow a 
more curved path. 

The movements do not occur in one plane only but in all direc- 
tions. As one observes the "optical cross section" of a prepara- 
tion either microscopically or ultramicroscopically, one sees the I 
individual particles disappear and reappear as they move down- 
wards and upwards. 

Many pictures of this characteristic movement have appeared. 
In Figs. 33, 34, 35, 36 and 37 are reproduced some particularly 
characteristic types of the movement according to V. Henri,* R. 

> R. Brown, Philos. Ma^. (i},4i 101 (1838); 6, 161 (:83tj); 8,41 (i83o)iuidalH 
Poggendorf's Ann. d. Physik., 14, 39 (183S). 

= V. Henri, Compt, rend., 147, 61 (1908), A review of the subject of Brawniao 
movement, particuUriy as illustrated in tlie movements of Cbe tphenilM of liquid 
rubber, may b« found in his Le Caoutchouc et la Guta-percha, 3405, igo6 aod tgtA. 
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Zsigmondy' and 0. Lehmann.' In picturing such movement in 
but one plane we can, of course, show only Uie projections of the 
Jiaths of the particles. To a discussion of more exact methods of 
detennining and measuring these movements we shall return later 
(p. 19a). 

Examples of dispersions exhibiting Brownian movement are 
suspensions of gutta-percha, mastic, etc., prepared by adding water 
to very dilute alcoholic solutions;* suspensions of ultramarine, 
cinnabar, carmine, etc., in which the disperse phase is amorphous 
or crj-pto-crystalline ; the contents of the chalk sacs to be found on 
either side of the spine in the frog and in which the disperse phase 



I 
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milk. (According lo O. Lekmi 



Consists of definite prismatic crystals; metal hydrosols; metal 
sulphide hydrosols and other suspensoids. Animal and vegetable 
milks (O. Lehmann, V, Henri, (l.c.)] are examples of systems having 
ahquid disperse phase and showing Brownian movement. Brown- 
ian movement may also be observed in gas-solid dispersoids such 
as tobacco smoke, cooling ammonium chloride vapors and con- 
densing metal vapors. It may also be observed in gas-fluid 
dispersoids as in fog. 

Strong magnification is usually necessary to observe Brownian 
movement. Dark field illumination together with ultramicro- 
scopic methods are especially suited for the examination of 



■ R. ZBiitinondy, Z. Erkenntnis d. Rolloide, 106. Jena. 1905. 
■O. Lchmftnn, Molekularphysik., i, 764, Leipzig, 1SS8. 
' Sec J. Pcmn, Die Brownschc Bewegung und die wahre Existenz der 
(Dresden igto) for mcthodi oi preparing suitable suspensiom for the observation 
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Fig. 34. — In a neutral medium. 
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Fig. 35. — In an alkaline medium. 



Fig. 36. — In an acid medium. 





Fig. 37. 

Figs. 34 to 37. — Brownian movement. A, B and C are drawn from cinemato- 
graphic photographs of gutta-percha particles. D represents the translatory 
Brownian movement of a gold particle having a diameter of about 10 /i^t. (Accord- 
ing to R. Zsigtnondy.) Figures Ay B and C are enlargements of i to 34,000; figure Z> 
one of I to 5000. 
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^^r H. Molisch^ has shown how, under favorable conditions, this 

* movement may be detected with the naked eye. The juice of 

the milkweed (Euphorbia) is especially adapted for this. A drop 

of the material is placed upon a slide and held at a good visual 

I distance in a vertical or almost vertical position while sunlight 

M w the concentrated tight from an arc is allowed to fall upon 

■ it at a slight angle. When properly placed " the molecular move- 

ftient (Brownian movement) of the resin particles appears in the 

'"^a of a pecuHar trembling, a hvely dance, and a swarming 

"I the microscopic particles giving rise to a beautiful play of 

colors. Finely ground India ink in water may also be recom- 

niended for this experiment" (H. Molisch, l.c.). 

Directions for observing Brownian movement with the aid of 
3 projection-apparatus have been suggested by J. Perrin [l.c.). 

Since its discovery in 1827, Brownian movement has beea 
**iych investigated both experimentally and theoretically. The 
'"ather comprehensive literature, for it comprises more than 100 
^■rticles, cannot be cited here. We shall refer to some specific 
Articles only; for reviews of the subject the reader must look 
elsewhere.* 

2. The Independence of Brownian Movement of External 
Sources of Energy.^ — When one tries to account for the forces 
'"^sponsible for these remarkable movements one is at first inclined 
to think them due to the effect of external agencies such as external 
Vibrations, differences in temperature, etc., due to unequal illu- 
tuination, evaporation, surface tension movements, chemical 
changes, etc. Chr. Wiener* and G. Gouy* are to be especially 
Tnentioned of those who have made critical investigations to show 

ttliat none of these factors are responsible for Brownian movement, 
e ca.nnot go into a detailed restatement of the many experiments 
* H. Molisch, RoU.-Zeil^hr. a, Suppl. I, q (tgo?) ; Zcitscbr. I. wissensch. Mikros., 
97 Og°TI; Sitz. Ak. Wiss. Wien, 116, Abl. 1, Mara., 1907. 

' See, for example, O. Lehmann, Molekularphysik., i, 264, Leipzig, :S8S, wherea 
detailed review of the older papers up to :8B8 nrny be found; The Svedberg, Nov, 
Act. Soc. Sc. Upsaliensis, Ser. IV, a, 125 (1907) where 50 articles are referred to; 
Ko|],-Zeitschr., 7, i (igio), where references to newer work and methods of observa- 
Uon are found; J. Perrin, KoUoidch. Beih., i, Heft 6-7 (igtojulsoavaiiablein mono- 
graph form and dealing particularly with French workers; W. Mecklenburg Die 
txp«ri men telle Grundlegung der Atomistik, Jena, 1910, etc 
' Chr. Wiener, Poggendorf's Ann., 118, 70 (1863). 

• G. Gouy, Joum. de Physique, 2 Ser., 7, 561 (1888); Ccmpt. rend.. 109, 
(jS&9)i Revue g£nerale des Sciences, i, 1895. 




J 



tgo SPECIAL COlLOtD-CHEMISTRY 

that prove Ihe fundamental independence oj Browntan movemet^ 
external sources of energy. Only the following points are mentioii-* 
as of particular importance. In connection with them it must ^ 
kept in mind that all the various factors mentioned of coui 
influence the extent of Brownian movement but neither positive 
negative variations in them are capable of suppressing entirely tb:::^' 
movement inherent in the particles themselves. 

The r61e of vibration, changes in temperature, evaporarioc^^ 
etc., in modifying Brownian movement, may be shut out b "^"9 
working in basements, mines and fields (G. Gouy, Chr. Wipnpr"" J 
with water baths and with sealed containers, etc. 

The independence of Brownian movement of light effects nia^3' 
be proved by working with different kinds of light from which th^^ 
heat waves have been carefully excluded [G. Gouy, R. Zsigmond^'' 
(I.e., 1905}). 

That mutual attractions and repulsions of "swinging" par- 
ticles, dependent, for example, upon differences in electrostatic 
charge, are not the cause of Brownian movement has been shown 
by Chr. Wiener (I.e.) and C. Fuchs.^ 

The Svedberg (I.e.) has shown on silver hydrosols that neither 
neutralization of the charge nor its reversal, as may be brought 
about through the addition of traces of electrolytes, have any effect 
upon the velocity of the particles. The amount and sense of the 
electric charge of such particles may be determined from their 
migration in an electric field. The following table illustrates the 
independence of Brownian movement of the sense and amount of 
the electric charge as determined by measuring the value of 2A, of 
the signilicance of which more will be said later (see page 193). 



XuLE ig. — Ikdefendehce of Brownian Movevent of toe Sense and Size a 
THE Electkic Cbabgb of Colloid Silveh Pakticlcs 

(According to The Svedberg) 

Eccric chirge deterinined and i„..».;... .,* d»__i._ _«__ 



Sbrhbi 



'C. Fuchs, Rep. d. Phyaik., as, 733 (18 
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J. Perrin (l.c., 1910, 273) has also found that the addition of 
traces of acids to gutta-percha suspensions, which first neutralize 
and then reverse the sense of their original charge, has "no appre- 
dable" influence on their Brownian movement. 

The movement is not caused or markedly influenced by any 
diemicat reactions occurring between disperse phase and dispersion 
means. This is proved not only by the fact that all chemically 
heterogeneous substances thus far investigated exhibit the move- 
ment when sufficiently dispersed, but by the further fact that the 
intensity of the Brownian movement in a given dispersoid is 
always the same, in other words, does not change with ageing. If 
chemical reactions were responsible for the movements, say indi- 
rectly through changes in capillarity (as in the case of mercury 
droplets in contact with sulphuric acid, and potassium bichromate) 
then the movements would cease after a time. As a matter of fact, 
solid particles and gas bubbles, imbedded in many minerals, and 
therefore of course, very old, show Brownian movement. (See for 
example G. Gouy, I.e.). Like considerations exclude all the 
capillary theories' of Brownian movement which at first glance 
are so plausible. At present, it is inconceivable why in a closed 
system, an equilibrium should not ultimately become established 
between the participating surface tensions for example. 

Finally, it should be mentioned that the type of the disperse 
phase or of the dispersion means does not make Brownian move- 
ment possible provided the system is from the outset of a kind to 
permit it, in other words, is either liquid or gaseous. Not only 
solid and liquid particles but gaseous ones as well show Brownian 
movement in fluids. But solid and liquid particles show Brownian 
movement in gases also, as in smoke, in condensing metallic 
vapors, in fog, etc' (L. J. Bodaszewski,' H. Molisch, (I.e.), F, 
Ehrenhaft,* M. de Broglie.*) That Brownian movement is inde- 
pendent of the type of the disperse phase also proves that density 

; Add. chim. 

. ^^,, j._. ■.,-.,,--,.,,. - ,. , rh. d. Naturf< 

. . DUsseldori, i8g8; Beibl. Ann. d. Physik. 13, 934 (1899) etc., and others, 
O. Lehmano, Molecular phyaik, j, s, Leipiig, 1888. 
L, J. Budaszewski, Dingler's Polytcchn. Joum., 339, 335 {1S81I. 
F. Ehrenhaft, Sitz. Ak. Wiss. Wicn, n6, 1 139, (1907), ibid Miirz. 1909; Physik. 
tschr. la, 308 (1909), etc 
U. de Broglic, 148, 1165, 131S (i9o<5); Lc Radium 903, (191J9). 
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is not of fundameatal importance in its causation as already 
emphasized by the earlier wTiters, Chr. Wiener, G. Gouy, etc. 

These investigations, often of a most painstaking nature, show 
that the source of energj- for Brovmian movement lies within the 
disperse system itself and is obviously of a very general nature 
for it evidences its effects under the most varied external condi- 
tions, Brownian movement is, however, obser\'ed only in dis- 
perse systems, more particularlj' only in such as have a high degree 
of dispersion. The kinetic b>'pothesis according to which gases 
and liquids are regarded as conglomerates of rapidly moving 
moleculariy dispersed particles, has recently been applied to 
Brownian movement. In fact, some have seen in this direct 
evidence for the correctness of the kinetic theorj' as applied, say 
to the movement of liquid particles. We return to this question 
on page 205. While really mar\'elling at the successful applica- 
tions that have been made of this kinetic hypothesis, it seems 
to me not impossible that future investigations may yield another 
more universal and less hypothetical explanation of this spon- 
taneous movement. 

3. More Exact Detennination and Measurement of BrowniBn 
Movement. — Various methods have been devised for the exact 
quantitative study of this verj' irregular movement.^ Evidently 
graphic representations in one plane can only show a part of the 
movement. It may be assumed, however, that the movement in 
all directions is of the same nature. The paths of the Brownian 
movement of isolated particles have been traced by F. M. Exncr 
{I.e.). He equipped his microscope with a drawing apparatus 
and followed the movements of the particles on a smoked glass 
with a needle. If the time required for a particle to traverse a 
certain path is noted with a stop watch and the path is then meas- 
ured one obtains, by division, the average velocity of the particle. 

Another ingenious method, devised by The Svedberg,* is 
based on the following principle. When one allows a fluid dis- 
persoid to flow at constant velocity and with sufficient speed 
through the field of a microscope or ultramicroscope one observes 
a whole series of light curves.* These are the optical after-images 

' SeecspedaUy the crilicalpreaenlalion of The Svedberg, Koll-ZdlscLr. 7, 1 (iglo); 

J, Pcrrin, I.e.; St. Jahn, Jahrb. f. Radionkt. 16, 333 (jijoq). 

' The Svedberg, t.c., alsoZ. (. Elektroch, la, 853, 901) (1906). 
' Dark ground illumination, must, of course, be used. 
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tii ihe individual dispersed particles which themselves move too 
rapidly to be seen. The curves have a wave-like or zigzag form 
li shown in Fig. 38. Their deviation from the horizontal evidently 
1- :i measure of the intensity of oscillation occasioned by the spon- 
mous motion of the particles, The height of the crests or the 
;iplitude {= A) may be measured directly with a micrometer, or 
lie estimated. When the rate of flow is known, the average ab- 
solute velocity of a particle may be calculated* after the constant 




Fig. a8.^I)ia((ram Ulusuati 



of the apparatus itself has been determined.^ With the fluid at 
fest, iA corresponds to the osdllatioa of the particle about its 
initial position. 

Slill more exact measurements may be obtained by photo- 
"tphic and especially by kinematographic means. With these, 
;ii<h M. Seddig' V, Henri {I.e.), H. Siedentopf* and The Svedberg 
■ c, 1910) have used in different ways, the change in position of 
the particles with time, in other words, their oscillations, may be 
accurately measured. Seddig, Henri, Chaudesaigues, etc., deter- 
iJiined the change of position of a particle by photographing a 
prqiaration at short intervals. Seddig photographed it twice 
*Very Ko second, Henri, with kinematographic apparatus, on a 
Uioving film several times every }4o second. The interesting ap- 
paratus of the last-named investigator is shown in Fig. 39. To 
the left is the kinematographic camera, in the middle, the ultra- 
: especially The Svedberg, Nor. Ac. 
measured the Broimkn ir 



' For details regardiiig these measurements 
Soc Sc, UpsalicDSis, l.c., 143. 

' By an andoeous melhod, M. de BrogUe h 
U) gas luspcDsioos. 

> M. Seddig, Site. Marburgcr Gea. Nov. 1907; Physik. Zeilschr. 9, 465 ( 
[UbilitatiunsschrUt, Frankfurt a. M., ii}Oq. 

' U. Sicdcntopf, Zeitschr. (. wiss. Mikrosk. 16, 407 (igog). 
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microscope, to tie right, the source of light, as an arc lamp. As 
the time is known, the average velocity of the particles may be 
determined very closely by measuring the plates and the changes 
in the position of the particles. Most of the paths of Brownian 
movement reproduced in Figs. 34 to 37 were obtained in this 
manner. 

H. Siedentopf uses a falling photographic plate. In this wise 
he obtains curves as shown in Fig. 40, which correspond to those 



L 



movFineQt 



first observed by Svedberg. Svedberg (I.e.) has more recently 
used a photographic method in which the position changes are 
registered as points on a rotating film. For details his original 
paper must be consulted. Finally it should be mentioned that 
P. Chaudesaigues' and later J. Perrin in the extended work 
already referred to, also calculated the velocity by following the 
position changes of the particles at definite intervals with the aid 
of a drawing apparatus. 

The rolary motion which many particles show has beea stuped 
by J. Perrin.* To this end he measured the rotary movement of 
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small excrescences, such as air bubbles, eccentrically attached to 
the larger globules of a mastic hydrosol in unit time. 

By these methods that most characteristic property of Brown- 
ian movement, namely its velocity, can be accurately measured 
and the influence of different external conditions on it be 
studied. 

4. Unifonnity of Brownian Movement. — A law of fundamental 
utq>ortaiice to the theory of Brownian movement has been stated 
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by Svedberg.' The amplitude of movement is directly proportional 
to the period 0/ vibration, in other words, to the time required by a 
particle to complete a whole backward and forward vibration. 
If this is represented by 2A, while by 2( is represented the period 
of vibration, the relation between the two maybe expressed thus: 

A 

— = const. 

This law may also be stated thus: The velocity of Brownian 
movement is uniform. As Svedberg {I.e.) emphasizes, this is of 
great importance because it compels the conclusion that the forces 
of Brownian movement cannot, for example, be elastic in type. 
The period of elastic vibrations, as of those of the pendulum, is 
independent of the amplitude or path length. 
I The Svedberg, Z, t. Elektroch., 23, 853. gov (iQog)- 
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As can he seen, the product 2^17 increases when the higher 
viscosities are attained, though here the measurement of th« 
path length is very difficult. Table 33 brings out the saaW 

Table 33. — Dependence or Path Length ot Bbownian Movucent oy CoLuW 

CALacu Paxticles on Viscosity of Dispersion Mbams 

(According 10 The Swedberg) 




Viwoutjr in c.g.fc 






^1 


.8.8-J3-S 

11.6-17-4 

6-3S-*S.4 

7 


Ethyl scetaie 4»-S-o 

Chloroform 2.0-3.0 

Ethyl alcohol o.s-j.o 

Iiobutyl alcohol Immeasurably 

small 


facts from a study of electrically prepared calcium organosol* - 
The approximate changes in path length are again shown. 

In conclusion it should be pointed out that this law of inverse 
proportion as worked out experimentally by Svedberg is but » 
corollary of the law of Stokes, formulated in 1850, which covers 
the relation between the movement of small bodies and the forces 
acting upon ihem (see page 204). 

8. Influence of Temperature.— Rising temperature accelerates 
Brownian movement, but, it must be remembered, this also de- ■ 
creases the viscosity of the dispersion means. Thus gutta-percha 1 
particles, o°*i in diameter, have an average velocity of 3.2^ per 
second at 20", while at 71° they have one of 5.1/1 per second . 
(F. M- Exner I.e.). M. Seddig {I.e.) has invesUgated the influence 1 
of temperature more exactly. He finds that the amplitude or 
movement of the particles, after a definite time, is dependent on 
the temperature, according to the formula: 

in which A is the amplitude, T the absolute temperature and q the 1 
viscosity.' The values as determined average six per cent above 
the calculated, but this difference is plausibly explained as due to | 
the disturbing influence of heat upon the photographic process , 

' Strictly sucalcins. ScddU invciligMted the validity of the abov« fonnuls indi- | 
wctly, in that he determined the relation of the amplitudes to each other at different i 



MECHANICAL PKOPERTIES OF COLLOID SYSTEMS 



The average absolute velocity of colloid particles, according to 
The Svedberg (i.e.) is about 



It 200 to 400 

sec. 

in other words, about 100 times that of microscopic coarsely dis- 
persed particles. There exist, of course, all possible transitions 
between these two extremes. It would be of interest to make an 
eitended study of this function of velocity X degree of dispersion. 

6. Influence of Concentration of CiEfeisoid. — The velocity 
depends on the number of particles in the unit volume. R. Zsig- 
mondy' found " the particles to influence each other and the vigor 
of their movement to be decreased by dilution of the gold par- 
tides," A quantitative study of this important relation is still 
lacking. 

7. Influence of Viscosity of EiEpersion Means. — As easily 
ioreseen, the greater the viscosity, the slower the movement. The 
Svedberg (I.e.) studied this relation in colloid solutions, finding that 
ibc relation of the average velocity or path length to the viscosity 
of the dispersion medium may be represented by a hyperbolic 
function. In other words, the relation 

.4ij = const., 
holds, in which A represents the amplitude and ij the viscosity of 
the dispersion means. The path Icnglh is inversely proportional 
to the visccsity 0/ the dispersion means. The range over which this 
law is valid is indicated in Table 32. 

tulk 31. dependence os path length of bsowman^ moveuent of c0llou> 

Platincm Particles os Viscosity of Dispersion Means 
(According to The Svedberg J 



D»pc„™m«n. 


PathlMgtl. 


V>>CD»ty in eg J. 


.A 


,-«»«. 


Acetone 

Ethyl ftceutc. , 
Amyl act'tate. 

Norro&l i>ti>|>yl alcohol 
^Uobutyl aicohol 


1: 


3-1 
4.6 
S-0 

23.6 




19.8 
.8.4 

17.7 

31,6 

47 3 



■ K. Zsigmondy, Z. Erkeostnis d. Kollnidc, i 
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lo the ratio of the absolute temperature and the viscosity. If the 
influence of the latter is eliminated by using Svedberg's law (A ij = 
k), the result is: 
■ ' f Avi = A.At] = k\T\ -Iji = const.; A = k^.T, 

in other words, the path length is directly proportional U> the 
absolute temperature when the viscosity is constant. 

g. Influence of Added Substances.— Even the earlier authorsi 
knew that small amounts of electrolytes greatly reduce or evett 
stop Brownian movement. As a rule, this cessation is closclj 
connected with a clumping into larger complexes, a process usuall;j 
ending in a precipitation or coagulation of the system. Hence t] 
has been assumed [see Svedberg, (I.e., 1907}] that the addition a* 
electrolytes retards Brownian movement only because it causes aM 
increase in the size of the vibrating particles. Though this vie* 
may be largely correct, recent observations have shown tha^ 
retardation of Brownian movement may occur even when there la 
no clumping, and what is more important, it may even be ac\ 
celerated on adding electrolytes. Thus V. Henri {l.c.) found th« 
movement of the latex globules in caoutchouc juice to be reduced 
by half on adding N/io NaOH, and to one-ninth the original rata 
when N/32 HCl was added, even though no clumping could b< 
detected. While the path length normally averaged o.62ju pea 
y^o second, it was reduced to 0.31/1 in the alkaline medium and td 
but 0.07P in the acid. The normal path of these globules ill 
shown in Fig. 34. The path in an alkaline medium is showiq 
in Fig. 35; that in an acid one in Fig. 36. Lecoq' observed thd 
addition of electrolytes distinctly to increase the movement of cow 
loid arsenic, but unfortunately he gives no details as to the sul 
stances and concentrations used. 

The retardation might be explained by assuming that the adde( 
ions are absorbed by the latex globules causing an enlargement ol 
the particles and a slowing of their movement through the hyOral 
envelopes added in this way. But this explanation does not 
harmonize with Lecoq's results, who found the rale to increase 01 
adding electrolytes. Perhaps we need to consider other factors, 
such as electrical ones. 

The retarding influence of certain non-electrolytes such 

'Lecoq, Compt. Rend., 150, 700 (igio). 
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urea (Perrin, I.e.) on Brownian movement can easily be explained 
ihrough the increase in viscosity of the dispersion means which they 
bring about. 

10. Influence of the Electrical Charge.— The in\-estigaLions of 
The Svedberg and J. Perrin (discussed on p. 190) proved con- 
clusively that the degree of movement of vibrating particles was 
independent of their electrical charges. These are the only 
investigations available on this point. Their repetition and ex- 
, tension to other dispersed particles is greatly needed. The follow- 
ing theoretical considerations make this complete independence 
appear strange. As familiarly known from the study of gaseous 
ions,' an electrically charged particle induces in its surroundings 
an electromagnetic held which opposes its movement. One 
would therefore assume, if any effect of the particles upon each 
other were excluded, that the spontaneous movement would de- 
crease as the electric charge increased and that when the charge is 
zero, in other words, at the iso-electric point, motion would be 
greatest. As a matter of fact, traces of electrolytes when ad- 
sorbed by the vibrating particles may retard their movement 
through changes in their charges in either a positi%'e or a negative 
sense and it is therefore not impossible that the phenomena ob- 
served by Henri and Lecoq may be associated with such charging 
and discharging. 

Perhaps future investigators, using more exact methods than 
could Svedberg, will prove the fundanicnlul though not the func- 
tional independence of Brownian movement of the size of the 
charge uf the particles. 

n. Influence of Gravity on the Distribution of Vibrating 
Particles. — J. Perrin (/.(., 1910), in part with Chaudesaigues and 
Dabrowski has studied the dislribution of the dispersed particles 
in line mastic dispersoids when left to the influence of gravity. 
The problem is not one of simple sedimentation in the ordinary 
sense of the word, for these systems are so highly disperse (the 
particles having a diameter of 0,5-0.7/1) that a settling out of the 
disperse phase can occur only after a very long time, if at all. 
The investigation dealt rather with the stratification of particles 
sh owing Brownian movement. Such stratification is evidently 
^Hi'Sc«. J. J. Thomson, Conduftion o( Electricity Uiroiigh Cases, (.'ambriilge, 1903. 
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apparatus is shown in Fig. 41. The different levds in the fiqnid 
column were reached and studied by simply raising or lowering 
the objective. The particles in the different optical sections 
were counted either photographically or by a special process* 
and their number in the different sections compared.^ Figs. 42 

' Analogous fttratifications are to be expected under the inflnmre of otlier ani- 
directionaJ forces, as electrical or magnetic. 

* Id the case of specificaU v ligkUr particles we would expect similar differences in 
distribution to result in the formation of a "scum." 

* This consisted of so narrowing the held of vision by a diaphragm that only a few 
(S-^^) particles were visible at a time. They could then be easily counted. The 
average of a large number of such readings (Perrin made thousands in some cases) 
yields \%ith sumcient exactness, the number of particles in each of the layers. 

^ Two other methods which seem to offer advantages and which might be used are 
the following: Metallic colloids are produced in molten paraffin and poured into 
heated metallic rings or tubes. .A.fter standing some time, the paraffin is solidiSed 
as quickly as possible^ as by plunging into liquid air. Sections are then cut with an 
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•nd 42 are photographs obtained by Ferria showing the distribu- 
of gutta-percha particles when such methods are used. 










Fio. 43. Fio. 43. 

Tta. 4a. — Dutribution of osciUatiog gutu-percba p&rtidn under Ibe influence 

' — ivity, (According lo /. Pcrrin.) (Diameter of field o.O ji; four levels 10 it 



These measurements yielded the important law: The con- 
tralion oj Ike disperse phase increases in geometric progression 

nucrotomc and tbe porlides in eacb counted dtramicroscopically. A yet 
Mnpler method would consist in gJlins a btiretle will) a suitable dispereoid and 
Icepiag Ibis for some lime at constant temperature. DifTerent layers could then be 
caretulTy drawn o£F and tlicir content of tbe disperse phase be determined either 
gnvimetricaUy or by tilration. 
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with the algebraic decrease in the lieight of the level. Symboliq 
expressed this would be; 

2.303 log J^ = g.k 

wherein «„ is the concentration {number of particles per unit 
volume) in the initial level 0, n^ the concentration in the level k, g 
the constant of gravity, h the level and 2.303 the conversion 
factor of decadic to natural logarithms. The following table 
contains a compilation of .several series of such experiments made 
by J. Perrin (l.c.. 1910). 

Table 35. — Dependence of Concentration on Level op Layer in Sdspesiuohe 

(According to J. Perrin) 
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12. Validity of Stokes' Law for Highly Dispersed Particles.— 

G. Stokes formulated a law in 1850 which has gradually become 
famous. It expresses the relationship between the velocity of small 
globules and the forces acting upon them, such as gravity. The 
law may be expressed thus: 

2 D-d ,. , 



In this equation v is the velocity, D the density of the pattfa 
the density of the liquid, 7 the viscosity. A" the constant of gravity 
and r the radius of the particle. 

In a given dispersion means, at constant temperature, etc., the 
velocity oj a particle is Uiere/ore praporliotnil lo the square of itt 
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'us. Stokes employed this law in calculating the speed of falling 
drops. What interests us is whether this law also holds when 
the degree of dispersion is very high as in dispersoids showing 
jwnian movements Q. Perrin,' J. Duclaux'^). 
J. Perrin was able to show that the law is still valid for particles 
itb a radius of o. 14 to 0-45^1, in other words, for such as approach 
the maximum diameter (ifi) of colloid particles. He measured the 
iizes a/ Ike particles of his suspensions, first, by calculating their 
sedimentation velocities from Stokes" law, second, by counting 
the particles in a known volume containing a known amount of 
disperse phase, and thirdly, by a micrometric method (for the 
details of which see his paper of 1910). The three methods gave 
results which agreed closely with each other as evidenced in 
Table 36. 

Table jG. — Detebkikation of Sizes of Particles bv Different Methods 
TO Test Afpucabhjtv of Stokes' Law to Hichi-v Dispebsec Svsteus 

(AccordinK to J. Perrin) 




t 

^Ked 



Whether this law holds for systems of still higher degrees of 
irsion has not yet been determined, though it is already ap- 
iKed with remarkable results, not only to the theory of molecularly 
dispersed solutions (see for example W. R. Bousfield') but to the 
migration phenomena of gaseous ions.* 

13. Kinetic Theory of Brownian Movement.— As mentioned 
before, the sources of energy for Brownian movement must be 
sought in some very general mechanical forces resident wilhin 
fluid or gaseous dispersoids. In harmony with the old accepted 
and widespread kinetic views it was to be expected that Brownian 
movement would sooner or later be regarded as a direct result of 

supposed collisions between the molecules of the dispersion 

J. Perrin, Compt. rend., 146, 967 (tpoS); Kolloidch. Beih., t.i-.. 1910. 

J. DucUux, Compt. rend., 147, 131 (1908). 

W. R. Bousfield, Z. f. phya. Chem., 53, 170 doosl- 

See J. J. Thomson, Conduction of Electricity through Gases, Cmnbridge, 1903. 
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means. As a matter of fact, the early authors (Chr. Wiener, G, 
Gouy, etc.), saw in this its only possible explanation. Recently, 
A. Einstein^ and M. von Smoluchowski,* in some exceedingly 
important papers on molecular physics have developed by sorae- 
what different methods a theory of Brownian movement resulting 
in two almost identical formula:. Theii fundamental equation 
governing the kinetics of disperse systems reads: 



-V-f-^ 



In this A is the average path length of the particle, K a constant, 
R the gas constant, T the absolute temperature, N the number of 
particles in a gram molecule of the disperse phase (Avogadro's 
constant), / the period of vibration, j; the viscosity of the disperwon 
means and r the radius of the presumably spherical particle. 
The formula of M. von Sraoluchowski differs from that given 

above only in having the factor - = 2,37 preceding the root on 
27 

the right side.- 

The derivation of the formula cannot be detailed here.' It 
will only be shown how well this equation, deduced theoretically, 
agrees with the experimental results of The Svedberg and J. Penin. 
It should be emphasized that the two laws formulated by Svedberg 
concerning the uniformity of Brownian movement and its 
dependence on viscosity were discovered before he had any 
knowledge of the Einstein-SmoluchowskJ formula. 

Discussion of the equation leads to the following conclusions. 
If we assume all the factors in the equation to be constant, except 
the path length, period of vibration and viscosity, the equation 
becomes 

/(, 



•K^, 



or A- = 



L 



The latter form states that not the path length but its square is 
directly proportional to the period of vibration and inversely 
proportional to the viscosity of the dispersion means. Svedberg. 

' A. Einsiein. Aon. d, Physik (4), 11, 17, S40 (190S); U)i <9. 37' {'906); Z. f. 

EleLlrochem , 13, 41 (1907), 

' M, von Smoluihowski. Ann, d, Physik (4). *1| 75** (lOoS)- 

' See the original pupersas well as ihe excellent pamphlet of W. Mecklenburg, Die 

experimen telle Grundlegiuig der AlomisUk, Jen&, igio. 
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however, found (see p. 197) t!ie first power of the path length 
to be proportional to the period of vibration and inversely pro- 
portional to the viscositj'. As a matter of fact, the above equation 
can be separated into two of the form: 



-k: 



.Ai, ^ 



Ifoneofthe factors, say , is constant, as demanded by the kinetic 

gas theor>' (which assumes uniformity of average velocity of the gas 
molecules) and as Svedberg found it to be experimentally, then the 
other factor iij must also be constant. Conversely, assuming the 
validity of Stokes' law, Aij bi 



a constant, and therefore ■ 

also. The formulas deduced from the kinetic theory therefore 
really cover the case in which both Svedberg laws are simultane- 
ously active. 

Experience therefore confirms the moleculo-kinettc deductions 
of the authors named. 

With this equation it now becomes possible, conversely, to 
calculate the absolute value of Brownian movement when vis- 
cosity, size of particles, etc., are known. Svedberg (I.e.) and V. 
Henri {l.c., 1908) have done this. Their calculated and observed 
results do not agree absolutely, but they are of the same order of 
magnitude and the deviations are all of about the same proportion. 
Undoubtedly the arbitrariness or inexactness of some of the con- 
stants used may therefore be held responsible. Table 37 shows the 
more important of these calculations. 



I 



Tablz 37. — Calculation of Patb Length of Colloid Platinum Pab- 

TtCL£S Exhibiting Bkownian Movchent, afieb tec EiiNSTCiM- 

Smoluchowski Formula 

(According to The Svedberg) 



(—• 


oX' 




(io« 


•d 


'TKr 


around 
A calcuUted 


Acetone 


0.03 J 


3-3 


3-1 




0.71 


4-4 


Ethyl acciuu- 


0.028 


4.6 


l.o 




0.44 


4 S 


Amyl acetate 


0.0S6 


S 9 


IS 




0.38 


4.0 


W*ler. . . 


0.013 


Q. a 


I.I 




o.ao 


5 5 


|Propyl »lcohol 


0.009 


i.f> 


7 




O.II 


64 



^bs Propyl alcobo 
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With due alknruice for the Urge cxpcriincmta] arot, the valne 
u[ tlic roUticMuJ moTcnient oj dispeisc phases abo agftts, as 
J. Perrin (fx.) has shown, with that derived fiimii iIm tiiiiiiBia irf 

EinsteiD. The Uw de\-eloped by J. Pcnm pnvmuag tkc 
changes in concentration of a suspcnsioD at difiereet Icrds 
(as discussed in {ii) has ako been deduced bom oooadefadons 
ot the kinetics of gases. Only the constants of the fonntdas an 
different in the two cases. Thus while the density of the earth's 
atmosphere does not decrease by half until 'a hdght of about 6 
kilometers b attained, the concentration of the dtspetsoids in- 
vestigated by Perrin often fell off this amount whai the difference 
l>etween leveb was only about iot>. 

It should also be pointed out that the constant A' of the Ein- 
siein-Smoluchowski equation, in other words, the number of 
particles in a gram-molecule, which is of such great importance 
in various fields in physics aod physical chemistr>', can be calcu- 
lated in different ways. The values thus obtained agree sur- 
prisingly well with those obtained by entirely different means. 
Indeed it seems as though these methods as applied to submo- 
lecular dispersed systems yield the most exact figures of this fun- 
damental value new obtainable. As this constitutes one of the 
brilliant achievements of colloid or dispersoid chemistry the 
following table taken from J. Perrin {I.e., 1910) is given in full. 
Table 38. — Detemomation op the Number of Pabtici.es ik a GXAX-iiOLXCDtx 

{AVOOADBO'S CONSTANI JV) BV DIFFERENT CnLUtB-cmaocAt Hetbods ^ 

(AccuMinir to J. Perrin) iJ'— "^ 

n Studied S. io-» 

i Average of volume in Uquiil state > 45 

From ibe dielectric force of gases. . < leo 

By Using Vsn der Waal's equalion. 6e 

I From distribution of a uoifonn suspension. 
From the average displacement in a given time. 
From the average rolalio 
Diffusion of dissolved substances. 
Mobility of ions ii 



Phenomena 
Vbcouty 



Brownian 






Radiance of the sky. 

Direct meuuremcnl 

of atomic charge 



Of droplets condensed upon ions. 
Of ions attached lo dust particles 
Total charge emitted. . 
Time constant of radium. . . 
Helium produced by radium.. . 

Lnergy of the Infra-red spectrum, . . 

' See Perrin (1910) for details regarding other phenomena. 



a corpuscles 



70.5 

71.5 

*S 

40-90 

30-150 

64 

61 

7*-S 
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These brilliant results fill one with admiration for the remait- 

ible fertility of the Einstein-Smoluchowski equation, espedally 

when it is remembered how many still purely hj^pothetical factors 

tnler into its composition. Nothing better illustrates the daring, 

we might say, of this train of thought than the remark of Perrin, 

to whom, with Svedberg, science owes most in this field, anent the 

iheorem of the equality of the distribution of energy which is the 

Dudeus of all kinetic deductions. "The word theorem should ' 

deceive no one, for it is full of h>-potheses as is almost every theory 

til mathematical physics." It is safest, perhaps, to hold that the 

I'llure will preserve but a part of our present kinetic notions to 

>>irk over into a more general, less supposititious theory. As a 

utler of fact, several of the laws governing Brownian movement 

i.iy be deduced even wUhoui recourse to kinetic assumptions, as 

'■<! example, the inverse proportionality of velocity to viscosity, 

from Stokes' law.^ Possibly this purely inductive method will 

Some day discover these same laws; in fact, considerarion of the 

methods of science demands it, but when the day will come must 

remain a matter of opinion. 

14, Detennination of the "Molecular Weight" of Dispersed 
Particles from their Brownian Movement. — Since A' can be cal- 
culated, the S'l-called "molecular weight" of dispersed particles 
may also be determined from thf formula of Einstein and Smo- 
luchowski. This can also be done from the logarithmic distribu- 
tion equation governing concentration in different levels. J. Per- 
rin* made such calculations and by this method found his gutta-per- 
cha particles to have a molecular weight of about 30,000,000,000. 
It must again be emphasized that these values cannot be 
compared with the molecular weights of molecularly dispersed 
particles. In the former, the diameter of the particles (or their 
volume) is under discussion, and this "molecular weight" becomes 
progressively less as the size of the particles decreases. The 
normal concept of molecular weight does not consider the size 
of the particles as at all variable, but deals simply with that single 



' The infiuence of electrical energy upon Browniun moveoient as postuUled od 
p. ;or cannot be deduced from kbetic considerations, but is an inductive con- 
dusioD. Il appears in the EiDsieiD-Smolu chows ki equation as a factor onalofious 
to the viscosity factor since the velocity would be approniraately inversely propor- 
tional to tbc intenuty of the inducecl field of force. Judginn from the exoeri- 
meatal results of Svedberg and Perrin these proptortioriklity 
many cases, have a very small value. 

'J. Perrin, Compt. rend., 147, 475 (1908). 
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value which is obser\'ed at the maximum degree of dispersion. 
This obviously constitutes a fundamental distinction between the 
"molecular weights" of differently dispersed systems. 

§28. Diffusibility of Colloids 

I. General Remarks. — When one pours some of the pure 
dispersion means upon a molecularly dispersed system, the mo- 
lecularly dispersed phase wanders over into the pure dispersion 
means until uniform distribution throughout both phases is at- 
tained. This phenomenon is known as di^usior.. In trying to 
explain what has happened it is natural to think of the influence of 
Brownian movement. In the irregular, particularly in the forward, 
movements of small particles, as observed, for example, by Zsig- 
mondy in colloid solutions, it is to be expected that an accidental 
wandering of the particles over into the pure dispersion means must 
take place. But such accidental migration cannot wholly explain 
all diffusion, the laws of which A, Fick formulated in 1855. Inorder 
that Brownian movement may lead to diffusion, it must become 
directive in character toward the pure dispersion means or toward 
tlie "more dilute" parts of any continuous system. 

As a matter of fact, the existence of such a directive movement 
in diffusion until uniform distribution of the dispersed phase through- 
out the whole system is attained can be foreseen, when the relation 
between degree of movement and concentration of dispersed parti- 
cles is called to mind. As noted above {p. 196), R. Zsigmondy 
observed liss movement in dilute systems than in concentrated 
ones. Because of this, equilibrium cannot exist, so far as average 
velocity of particles is concerned, in a system consisting, say, 
of a colloid solution covered by a layer of the pure dispersion means. 
In places of greater concentration, the particles will be moving 
faster than in those of a lower one, The sources of energy for 
Brownian movement, whatever they be, must therefore have dif- 
ferent values in different parts of the system at the beginning of 
ditluMon. But following the general laws of energy, equilibrium 
cannot be attained in a closed system until the energy intensities 
have the same value everywhere.' We need but call to mind the 
electrostatic charge on the surface of a mctaUic sphere, tt 
» flfilh. 0«twdd, Lehrb. d. allgem. Chem.. 2 Aufl., 2, jj (1903). 
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energy intensities in a "diffusion field" are not everywhere the 
same the system is unstable and changes must occur of a directive 
diaracter leading, in the end. to an equalization of the intenaties 
in the whole system. Thus, if only a local charge were present 
on the metaUic sphere, currents would emanate from this to all 
other points on its surface. In the case of diffusion, a movement 
of the dispersed particles toward regions of lower concentration 
would have to occur until the average velocity of the particles was 
the same in all portions of the system. The average absolute 
value of the movement would therefore become progresavely 
less until the minimum is attained at the end of diffusion. It 
iiin keeping with this general notion that in the molecular dis- 
persoids the diffusion coefficients (dis- 
tances traversed in centimeters per day) 
are greater at higher concentrations than 
at lower ones' 

The influence of concentration on the 
diffusion of a colloid has not yet been 
^died. The experimental difficulties 
besetting such a study will become clear 
in the following paragraphs. Fig, 44.— Apjaratus tor 

n-a ■ ■ . i_ -1 the study of diffusion as at- 

Ulffusion experiments have a special ranged by Thamas Graham- 
interest in colloid chemistry because its 

Very foundations were built upon them by Th. Graham (1850- 
1862). 

2. Experimental Study of Diffusion of Colloids.— The common 
method of determining the diffusion coefficient was originated by 
Th. Graham.' A wide-necked bottle is filled with the solution to 
\ie invesrigated and placed iu a second vessel; the pure dispersion 
means is then poured with special care* into the second vessel 
until it covers the inner bottle to a depth of several centimeters. 
Fig, 44 is an exact copy of the sketch from Graham's original work. 
After a given time, the amount of dissolved substance which has 
escaped from the inner \'es5el is determined. The relation of this 

'The complicated diffusion phenomena observed in certain ionic di^>ersoids, as 
in bydrochlonc add. form exceptions to the general rule becau!« electrochcinical 
processes come into play. See Wilh. Ostwald, l.ehrb. d. allg. Chem., } Aufl., i, 686 

'Th.Graham,Philos. Trans.. 1-46, 805-836(1850); 483-494 (i8si),e tc.jlidag's 
Ann., 77, 56, 129 {18^1); tit, s. tg (iS6l). 

' To prevent mixinf; of the two liquids at the critical moment Grabam used b 
pointed sponge from which Co express the second liquid. 
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to the time (at constant diffusion surface, temperature, etc.) is a 
measure of the velocity of diffusion. For a discussion of the more 
modem methods of using Graham's principle, as well as for the 
methods of calculating the absolute diffusion coefficients from the 
experimental data, the text-books of physics and physical chemistrj' 
need to be consulted.' 

It is difficult in Graham's method to bring the two liquids into 
contact with each other without disturbing their surfaces. Slight 
differences in temperature, vibrations, etc., may, moreover, in- 
troduce great experimental errors. But Graham already loiew a 
remedy for this. He found that the velocity of diffusion was not 
much influenced if the experiment was carried out in a not too 
highly concentrated agar-agar, gelatin or starch paste, instead of 
in pure water. Thus, when he placed in the diffusion cell a 2 per 
cent, agar solution containing 10 per cent, salt, and a pure agar 
solurion of the same concentration in the outer vessel and allowed 
both to solidify, he found after 15 to 16 days that the latter con- 
tained 9.992 grams of diffused salt. Normal diffusion into pure 
water, after 14 days showed 9,999 grams, all other conditions, in- 
cluding temperature (10°), being constant. These findings have 
often been verified. Thus F. Voightlander' observed 0.7a per 
cent, sulphuric acid to diffuse the following distances into agar 
jellies of different concentrations after r hour. 
Agar jelly, i per cent. = 8.5 mm. 
2 per cent. = 7.8 
4 per cent. = 7.0 
The amounts that diffused were as follows: 

Into agar jelly, i per cent. = 1.08 mg. S0| 
2 per cent. = i.io 
4 per cent. = 1.09 
The absolute values for NaCI of the diffusion coSfficieatSi 
amounts diffused in grams 
days 

Agar jelly, i per cent. = 1.04 

2 per cent. = 1.03 

3 per cent. = 1,03 

dd, Gnindr. d. all, 

:er, Hand und Hi! 

• F. Voighllander, Z. {. physik. Chem., 3, 319 (iB 



, are as follows: 



MECHANICAL PROPERTIES OF COLLOID SYSTEMS 21^ 

G. Htifner^ and others obtained similar results. But it should 
again be emphasized that diffusion is thus independent of the 
presence of gels only when these are there in low concentrations. 
Marked retardations appear at higher concentrations as even H, de 
Vries*knew. Diffusion is also influenced, of course, when chem- 
ical or colloid-chemical changes, as precipitations, are produced 
in the gels by the diffusing substances. 

A handy arrangement for demonstrating diffusion has already 
been described in the practical introduction on p. g. Test tubes 
are half filled with colloid gels and the difl:using solution poured 
upon them. Figs. 2, 45 and 46 illustrate the results. 

Disturbance of the diffusion surfaces may also be avoided by 
stretching over the inner vessel a suitable membrane through 
which the dissolved substances pass freely. Hydrophane plates 
IG, Hofner, I.e.), filter papers (S. Exner, see below), parchment 
papers (The Svedberg, see below), etc., have been used for this pur- 
pose. Or, the diffusing substance may be placed directly in cells 
trotirely made of such substances. But the membranes used must 
be completely permeable to the diffusing substance and must not 
affect it, as through adsorption, etc. §29 on dialysis should be 
studied in this connection. 

3. E^ieriinental Facts Regardiog Diffusion of Colloids. — It 
follows from the relation between velocity of Brownian movement 
snd size of particles discussed above that the velocities of colloid 
particles must be considerably less than those of molecularly or 
ionically dispersed ones. The compilation in Table ^g shows this 
clearly; additional facts regarding diffusion velocities are given 
below. 

As is clearly evident, the diffusion coefficients of typical col- 
loids average Ko that of the slowly diffusing cane sugar and only 
}>ioo tliat of the rapidly diffusing electrolytes such as acids and 

PMkalies. The highly dispersed goldsol of The Svedberg which, for 
ft colloid, diffuses exceptionally fast, takes an intermediate posi- 
lion. It should be remembered that the particles of the latter 
have a diameter of about i/i^; in other words, this goldsol is on 
the boundarj' between molecular and colloid dispersoids. 



1 



G, HUfner, Z. (. physik. Chcm., 37, 117 (ifl 

n. de Vries, Fitucn's Jahrcsber. d. Cheta., I, 144 (iS 
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Table 39. — Diffusion Co Efficients of Dispbsboids 















Nitric acid (VoightlHnder).. a. 10 (20°) 




0.074 (18*) 


Sodium chloride (Voight- 


Pepsin (Heriog') 


0.070 (,g^ 


ISnder) 1.04(30°) 


Renain (Herzog) 


0.066 {,8*) 


Magnesimn chloride (Voight- 


Egg-albumin (Henog) 


0.059(18") 


lander) 0.77(20'') 


Albumin (Graham-Stefan) 


0.063 (tj-) 


Copper sulphate tLandolt- 


Caramel (Graham-Stefan) 


0-047 (<o«) 


BOrastein) , . . -.. . 0.47(17') 


Ovomucoid (Herzog) 


0.044 (.« 
0.036 (ifr) 


Urea (Sehefler') 0.81 (7.5°) 


EmuUin (Heraog) 


Cane sugar (Graham- 


lovertin (HerMg) 


0.033 (>8°) 


Stefan') 0.31 {<>•) 


Diphtheria- toxin (Arrlie- 








0.014 ("*) 




Diphtheria-anli toxin (Ar- 


Gold hydrowl (Tlic Svtd- 
berg») o.»7{".7°) 


rheniux and Madsen).. . . 
Telanolysin (Arrhenius and 

Madsen} 

Antitetaaoly^ (Airheniua 


O.OOIi (IS") 
0-037 (!»') 






O.009I (»•) 







Figs. 45 and 46 illustrate quantitatively the diffusioQ velocities 
of various dispersoids. They show what has happened after 
about 3 day's diffusion into solid 1.5 per cent, agar at 20°. 
In Fig. 46 the supernatant liquids out of which diffusion has 
occurred have been poured off so that the diffusion phenomena may 
show up more clearly. To the left in this figure are found molecular 
dispersoids, to the right, typical colloids. The tubes are arranged, 
from left to right, according to the lengths of the diffusion paths.' 
The picric acid, cobalt nitrate and eosin of tubes i, 2, and 3 have 
wandered almost to the bottom of the agar column; benzo-put- 
purin and congo red on the extreme right have scarcely moved. 
The dyes lying between these, show intermediate degrees of diffus- 
ibility.^ Fig. 45 shows the results, after 8 days, of experiments 
on the diffusion of typical colloids (hydrosols of silver, gold, anti- 
mony sulphide, arsenic sulphide and iron hydroxide). The sharp- 



• R O. Herzog (and H. Kasarnowaki) KoU. Zeitschr., a, i (1907); 3, 8j (1908); 
Biocb. Zeilschr,, 11, 172 (190S). 

'S. Arrhenius and Th. Madsen. Immunochemie, 16, Leipiig, 1907. 
'The Svedberg Z f. physik. Chem., 67, 103 (1900) 

* The gradation is not as clearly shown in the phutographas it aclually appMIl 
since the ditlereni (mostly o.t per cent.) solutions have diilereDl culora. A pnU^ 
graphic plate does no) hring this out 

' Regarding thedifiusibiUtyol dyesseeL.Vignon.Compt. rend., 150, 690 (i9»)> 
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ness oj lite diffusion line between the diffusing substance and the 
gel should be noted. It is sharp in the case of typical colloids; 
but illy marked in that of the molecular dispersoids and systems of 
intermediate degrees of dispersion. 

4. Influence of Degree of Dispersion on Diffusicm Velocity. — 
The diffusibility of a disperse phase is intimately coonected with 
its degree of dispersion as shown in Table jp. Among molecularly 




i Ftc 45. — Diffusion of tolloiJs inio 1 per cent. aRar-agar al the end ot a wee 
lid Dydrosol; 2, Mlvcr solution {Credi); 3, anlimnny Bulpbide solution; 
e tiiMilphide solutloo; 5, iron hydroxide solution 



ispersed substances, ions or electrolytes migrate most rapidly. 
Substances of higher molecular weight, or, more correctly, of 
greater atomic aggregation, follow. Last in the Ust, stand the 
colloids. This dependence of diffusion velocity on the size of the 
particles is of great interest. Of special importance is the possi- 

tty of procuring one and the same substance in different degrees 
dispersion and therefore possessed of different degrees of 
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diffusibility. Thus S. E. Linder and H. Picton' were able to pre- 
pare tlie following four systems of arsenic trisulphide in water: 

oAsaSj; particles microscopically visible, non-diflusible (coarse 
suspensions) . 

^AsiS*; microscopically homogeneous, non-di£fusible, 

tAsjSj; diffusible, but unfilterable through porcelain c 

iAsjSj; diffusible and filterable. 

After Wo. Ostwald* had repeatedly emphasized the great theo- 
retical interest attaching itself to a systematic and quantitative 



lie (.coarse 



I 




.r-ugai ii.1 Ihe end of three days. 



SViS"'"" 






Fig. 4I1, — IJilTusiun into a 2 pei eeiil. ; 
I, I'tcric acid; 2, cobalt nitrate; 3,0.1 per t 
R. R. R.; 5, 0.1 per cent, new fuchsin O; 6, 1 
safnoia C; S, o.t per cent, beozopurpurin; g. 



investigation of the relations between diffusibility (and other 
properties) and degree of dispersion. The Svedberg,* in the prose- 
cution of his experimental study of the Einstein-Smoluchowski 
formula {see above), attacked the problem. He determined the 
diffusion velocities of different gold hydrosols by pouring these 
into parchment cells having different porosities. His results are 
given in Table 40: 

' S. E. Under and K. Picton, Trans. Chem. Soc. Lond., 61, 114, 137, 148 (tSfw}} 
67, 6i (iSgs); 71. S68 (1897); 87, tQafi (lQr5>- 

"See, forewimple, Wo. Ostwald, Koll.-Zeitschr., i, J98 (1907). 
The Svedberg, Z. (. physik. Chem., 67, 105 (1909). 
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Table 40. — Dependence op Diptusion Velocitx on Size op Pabticlks in 

Golds OLS 

(According to The Svedberg) 
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The gold content was determined colorimetrically. The 
reciprocal values of the concentration relations are measures of the 
diffu^on velocity. In other words, Di = ki . Koo. when D is the 
diEfusion coefficient and ki the proportionality constant. Similarly, 
Dt = i&iHaoo- When the ratio of these diffusion coefficients is 
compared with the size of the particles (taking the latter to average 

rsOTectively 2.5 and 2511) we observe, since ' ^~"^^ that 

the diffusion velocity is approximately inversely proportional to the 
sis€ of the particles, or D.r = constant. 

True it is, that we are basing these conclusions on studies in- 
volving but two degrees of dispersion. An investigation cover- 
ing a wider range woulil be of great interest. 
w Finally, it should be mentioned that S. Exner' found coarse 
pispensions, such as clay silt, to show a distinct though slow diffu- 
sion. But whether pure dispersions made up of particles larger 
than 5ft and therefore free from Brownian movements are really 
capable of true diffusion appears doubtful (see below, p. 219). / 

5. Theory of Colloid Diffusion. — The close relation between 
Brownian movement and dilTusion was mentioned at the beginning 
of this paragraph. It seems natural, therefore, that the moleculo- 
kinetic considerations of A. Einstein and M. von Smoluchowski,' 
which proved so fruitful in the mathematical discussion of Brown- 
ian movement, should lead to similarly important results when ap- 
plied to diffusion. For example, the inverse proportion between 
size of particles and diffusion velocity is deducible from the equa- 
tions of Einstein and von Smoluchowski. Eor the diffusion co- 
icient they developed the equation: 

D = ^^- ' ■ 

■" iV 6in,r 

I. 

the 
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The symbols have again the meaning indicated on p. zo6, r repre- 
senting the radius of the particles. If dispersion means, tempera- 
ture, internal friction, etc., are constant, the diffusion coeffidents 
of two dispersed phases bear the following relation to each ol 
Di ^ rj 
A fi' 

in other words, they correspond to Svedberg's experimental find 
ings. 

This relation has much in common with the equation which 
expresses the connection between the diSusion of molecular dis- 
persoids and their molecular weight. The relation: 

D - V m = constant 

has been established by S. Exner, for gases, and by L. L. Oholm' 
for (theoretically) infinitely dilute solutions of non-electrolytes. 
In this equation m is the molecular weight. If the square root of 
the molecular weight is made equal to the radius of the particles, 
this equation changes into that governing the diffusion of goldsols. 

Conversely, with the laws of Exner-Oholm and Einstein- 
Smoluchowski, we may calculate the size of the particles as well as 
their molecular weight. In this way R. 0. Herzog (I.e.) found an 
approximate agreement between the "molecular weights" of ov- 
albumin, hemoglobin, etc., thus calculated; and the hgures obtained 
by other methods. For the values for toxins, etc., as calculated 
by Sv. Arrhenius and Th. Madsen (/.c), control measurements are 
not yet available. The same objections may be raised against all 
these calculations which were raised in discussing the determi- 
nation of the molecular weight of colloid systems by freezing 
point, boiling point and vapor pressure methods. 

The calculations by R. 0. Herzog and The Svedberg (/.e.) of 
the size of the particles by the formula of Einstein-Smoluchowski 
are less open to objection. Herzog, on this basis, calculated the 
size of the particles of ovalbumin to be 2.%tiin. This figure about 
corresponds to the higher dispersion values obtaining within col- 
loid systems, and therefore agrees well with the general fact that 
the colloid properties of the albumins place them near the mo- 

I, Z. I. physik. Chem., 70, 378 (r^io); this also includes tie earlier 
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lecularly dispersed systems, Svedberg calculated, in a reverse 
manner, the size of the particles of the highly dispersed gold solu- 
tion of R. Zsigmondy, the particles of which, according to Zsig- 
raoody, had a diameter of i to 4*i)U- He obtained, by Einstein's 
formula, 0.94^/i, and by Smoluchowski's 2.16^;*, obviously a very 
good agreement. The calculated diameter of the particles of 
moleciilarly dispersed systems also agrees well with the values 
obtained by other methods. 

6. Effect of Added Substances on Colloid Diffusion. Spurious 
Diffusion of Colloids. — The effects upon diffusion of adding differ- 
ent substances are so complicated, even in molecular dispersoids, 
that general laws governing them have not been formulated.' It 
is to be expected that these relations wiU be still more complicated 
when phases having different degrees of dispersion are mixed. 
The more important phenomena observed when colloid systems are 
mixed with molecularly dispersed ones are the following: 

The effect of electrolytes on the diffusion velocity of colloids 
may be discussed under two headings — the electrolyte may be 
added to tfte disusing substance, or the diffusion of the colloid may 
be permitted to occur itito the solution oj an electrolyte. In either 
case, different results may be expected, depending on whether the 
electrolyte does not affect the degree of dispersion of the colloid 
(which is exceptional) or whether it increases or decreases it. Both 
an increase and a decrease in the degree of dispersion on adding 
substances from without have been described in the literature. 
An illustration of the latter is found in the common and well-known 
effects of electrolytes on colloids (aggregation, coagulation); an 
illustration of the former in the phenomena of peptization. 

The inhibiting e_ffect of added substances on diffusion has been 
studied by E. von Regeczy.' He found pure albumin when placed 
in parchment-paper tubes to diffuse out of these in the course of 
12 hours in sufficient amount to impart a decided albumin re- 
action to the outer liquid. But when some solid NaCl was pre- 
viously added to the albumin, no trace came out S. E. Linder 
and H. Picton (I.e., 1905) noted a similar behavior in an inorganic 
colloid, arsenic trisulphide. They allowed a highly dispersed 
arsenic trisulphidesol to diffuse, on the one hand, into water, on 

SM,Ior example, Wilh. Oatwald, Lehrb. d. allg. Chem., a Aufl., 674, Letpxig, 1903. 
" -— Regtoy, PflUgcr's Arch., 34, 431 (1884). 
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the Other, into an NHjCl solution, so dilute that it caused no x-isi- 
ble coagulation. Their results are given in the following table: 

Table 41. — Diffusion or AsjSi Sol into Puke Wateb and into NH,CI 

Solution 

(According to S. E. Linder and H. Picton) 



Time 


Di8u«d nm 


onnU ia pt 


tttit, of the ioo«- fluid 


iBtopamntn 


IntoNHda 


34 hours 
48 


.op„c 

14 


■nt. 


I percent, ^^h 


96 


13 





An antimony sulphidesol gave similar results when permitted 
to diffuse into water and into a solution of tartar emetic. 

An example of how the addition of an electrolyte may favcr 
diffusion of a colloid is found in Th. Graham's paper (I.e.). 
He observed egg albumin, which in its natural state is slightly 
alkaline and diffuses but slowly, to diffuse more rapidly if it is 
carefully neutralized with acetic add. While after a week but 
0.63 gm. of native (alkaline) albumin diffused out, 0.94 gm,, in 
other words, 30 per cent, more, came out when the albumin was 
neutralized. The neutralization increases the degree of dispersion, 
as proved by the observations of Wo. Pauli and others (see p. 
169), who found neutral albumin to increase the viscosity of water 
less than that to which an acid had been added. 

H. Picton (I.e., 1892) made similar observations on suspen- 
soids of arsenic trisulphide. He found this to diffuse rapidly 
when still contaminated with the tartar emetic from which 
it was prepared. Whether the electrolyte serves to increase the 
degree of dispersion in this case remains a matter of question, 
though such an influence on suspensoids has been observed. It 
is more reasonable to assume that the electrolytes in their rapid 
diffusion simply drag the colloid particles along with them, a 
view held by H. Picton himself; or that the movements of the 
liquid, caused by the diffusion of the electrolytes, set up cunests 
which bring about the observed results. 

The interesting experiments of W. R. Whitney and J. Blake' 



'. R. Whitney and ]. Blake, Joura. Amer. Chem. Soc., 36, 133Q (1904}. 




UECHANICAL PROPZRTIES OF COLLOID SYSTEMS 281 

<m the great velocity of diffusion of goldsols, produced by 
reducing ether solutions of gold chloride by means of acetylene, 
must, no doubt, be similarly explained. When they concentrated 
their colloid gold at the lower end of a vertically placed cylinder 
by electrophoresis and then carefully poured pure water 
upon it, they observed an unusually rapid and spontaneous 
upward movement of the gold which increased with the increase 
in the concentration of the gold. The observed velocities varied 
between 0.01 cm. and 0.24 cm. per hour. When it is recalled that 
F. Voightlander (p. 212) found the rapidly diffusing sulphuric 
acid to cover only 0.85 cm. per hour in i per cent, agar while the 
finest goldsols of The Svedberg have a diffusion cofiflTicient of only 
0.27 (as compared with one of 2.0 for sulphuric add on the same 
scale), it becomes impossible to believe that the experiments of 
Whitney and Blake deal with true diffusion of a colloid phase. 
The diffusion movements of the molecular dispersoids present 
in their preparations may have led to the high (apparent) diffusion 
of the colloid particles, as in the experiments of H. Picton. More 
probably still, the gold particles became loaded with gas through 
the electrical treatment to which the gold was subjected and this 
then led to their rapid rise. Suitable experiments could easily 
be arranged to test the validity of such an explanation. 

The favorable effect of electrolytes upon the diffusion of col- 
loids has again been observed when they are permitted to diffuse 
into solutions of electrolytes. Thus von Wittich' found, as far 
back as 1S56, that albumin diffuses more easily into a salt solution 
than into pure water. Within certain limits, the diffusion is the 
more rapid the greater the concentration of the salt. E. von Regficzy 
(/.c), M, Oker-Blom' and others have since studied this phe- 
nomenon. The paper of M. Oker-Blom is the source of 
Table 42. 

It is readily apparent that the amounts of diffused albumin in- 
crease with increa,se in the concentrations of NaCl, but in the in- 
termediate concentrations, from 0.56 to 1.30 per cent, a region of 
minimum diffusion is observed. What follows will show that this 
need by no means be due to experimental error, 

To explain these phenomena,' we need but remember that 

. __ Wittich. J. MuUer'a Ar.h, f. Pbyaiol,, ;86 (1856). 
M. Oker-Blom, Skandioav. .Vrch. (. Pby^ol, lO, 102 (1904-) 
Wo. Pauli. Koll.-Zeitsehr., 3, 11 (1908). 
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albumin solutions are more strongly hydrated, iu other words, 
swell more in many salt solutions than in pure water. We may 
assume that in this process the free, dispersed albumin particles 
wander into the strongly hydrating dispersion means just as the 
liquid wanders into the soUd colloid to make it "swell," A suffi- 
dently marked hydration of the dispersed particles must separate 
them from one another. 



— DippirsioN or Sebum Albidcin into NaCl Solutions J 
(According to M. Oker-Blotn} 



k 




At the present time, we can only guess at what must be the 
influence of several colloids upon each other when they are mixed, 
and how they must affect each other's diffusion velocity. 

The influence of concentration and of temperature on the diffu- 
sion of colloids has not yet been studied. Judging from the find- 
ings of Th. Graham (I.e.), the rate of increase in diffusion velocity 
of egg albumin with the temperature is about as great as that of 
molecularly dispersed systems under the same circumstances, but 
exact figures on the subject are still wanting. '' 



§29. Dialysis of Colloid Systems 

I. General Remarks. — The impeding effect of concentrated 
gels or membranes upon free diffusion was touched upon above. 
While ordinary electrolytes pass through parchment-paper mem- 
branes almost as rapidly as though they were not there, albumin 
and gum arabic cannot penetrate them. Th. Graham, who first 
investigated this phenomenon, called it dialysis (1S61). He noted 
that all substances which, when allowed to diffuse in the open, do 
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SO only slowly or not at all are also restrained by parchment mem- 
branes. On the other hand, those which diffuse rapidly are not 
markedly checked in their movement through the presence of 
membranes. This difference in behavior of " dissolved "substances 
toward parchment paper formed the basis of the whole concept of 
die colloids. Substances which do not dialyze (or pass through 
parchment paper) Graham called colloids, those which do, crys- 
talloids. The latter systems are today known as "molecular 
dispersoids." 

One can readily accomplish a separation of the different classes 
of dispersed systems by dialysis. As a matter of fact, Graham 
called his fundamental work "Liquid Diffusion Applied to A nalysis." 
By using a constant type of membrane, systems of unknown degrees 
of dispersion may be classilied into such as dialyze and such as do 
not (see the practical introduction). When, by any method what- 
soever, coarsely dispersed systems have been excluded, dialysis 
offers a convenient method of distinguishing between the colloid 
and molecularly dispersed systems. 

It must be emphasized that comparable results may be ob- 
Umed only by use of one and the same kind ot membrane. The 
precipitation membranes of copper ferrocyanide and tannic acid- 
protein, for example, are impermeable even to many molecular 
dispersoids and may, therefore, give rise to the phenomena of os- 
motic pressure (see the following paragraphs). 

2. Methods of Dialysis.— Parchment tubes, parchment dif- 
fusion capsules, reed tubes, fish bladders, urinary bladders, egg 
membranes and amniotic membranes are most used in the 
dialysis of colloids.^ Membranes of collodion, as first used in col- 
loid studies by G. Malfitano,' are especially convenient in many 
respects. Their preparation is discussed in the practical introduc- 
tion {p. 10). Several forms of dialyzers were illustrated on page 
II.* Because of their historical interest, Figs. 47, 48 and 49 are 
introduced, which are copies of the two types of apparatus which 
Graham used in the great work upon which colloid chemistry is 
built. 

■ A detailed discusdon of dialysis and its methods may be found in R. P. von 
CaJcar, Dialyse, Eiweisscheniie und ImmuniiSt, Leipdg-Leiden, 1908. 

■ G. MklfiUno, Compt. rend.. 139, 1121 (1^4)- 

■ Foe a DCW form see R. Z^mondy and R. Heyer, Z. f. anorg, Chem., 6S, gi6 
(igio). 
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In dialyzing non-aqueous liquids, the effect of the dispersion 
means upon the membrane must be considered. A possible chem- 
ical effect of the substances subjected to dialysis must also be kept 
in mind, though such is rarely met with among the colloids. 




Fig 48 — Thomai Grakam's beU clialyzer 

3. Experimental Facts Regarding Dialysis of Colloids. — Since 
the days of Graham, almost every student of the general properties 
of colloid systems has made use of dialysis. It is, therefore, not 
possible to review all the work that has been done in this field. 
Generally speaking, dialysis teaches the same facts as di ffuaioa. 




Thus, S. E. Linder and H. Picton (/.c.) were able to distinguish 
between dialyzing and non-dialyzing metallic sulphides. Of the 
many groups of compounds studied, only one will be discussed here, 
that of the technically and theoretically important water soluble 
dyes. F. Krafft and G. Preuner,' 0. Teague and B. H. Buxton,* 
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H. FreundJich and W. Neumann,' R, Hbber,* L. Vignon,' W. 
Biltii and F. Pfenning,' have all studied these. In Table 43 are 
reproduced some of the findings tabulated by Biltz. In connec- 
ijun with this table it should be noted that Krafft and Preuner 
used parchment tubes; Teague, Buxton, Hiiber and Vignon, parch- 
raent-paper capsules, manufactured by Schleicher and Schiill; 
BQtz and Pfenning, collodion membranes. The solutions used were 
usually 0.1 per cent.; Teague and Buxton used 0.02 per cent.; 
Biltz and Pfenning o. 5 per cent. The abbreviations in parentheses 
after the names of the dyes mark their origin. 

Table 43 .^Dialysis or Dyes 
Typical Molecular Dispersoids 



N.xic 


aum'blJ 


weight" 


j Di«lyK» 


Ob«r»er 


Picric add 


19 


ijg.o 


Quidtly.. 


Vignon. 


Tolmdmblue(Hoecbst).. 


>9 


»43-5 


Quickly.. 


BUtz. 


N'lphibol yeUow 9 (Bayer, 










Hoechst). 


^7 


3SS-0 


1 Quickly.. 


Hiiber, Vignon, Bilta. 


Chiysoidin.-. 


30 


114. 


1 Quickly.. 


Teague and Buxton. 


Metliyleiie blue. 

1 


37 


3"7-S 


1 Quickly.. 


Krafft and Preuner, 
Teague and BuxtoD, 
Biltx. 




37 


69J.0 


Quickly.. 

1 


Teague and BuxtOD, 
Vignon, Bilu. 


Erythrosin., - ,, ' 


3J 


880.0 


Quickly.. 


H6ber, Bilu. 


B«gal rose 


37 ' 


1050.0 


QuicUy.. 


Hfiber. 


QuinoUn yellow (Akt.) 


40 


477-0 


Quickly.. 


Biltz. 


Tm«idfuchsmB (Bayer). 


41 


467.0 


Quickly.. 


Blitz. 


A<inmuio(Akt.)- 


43 


303.5 


QuicUy.. 


Biltz. 


(Unn'm.. 


44 


3SO-S 


Quickly., 

1 


Teague and Buxton, 
VigDon, Bilts. 


Wool violets (Bad.). 


46 


445-0 


1 Quickly.. 


Hiiber. 


Brilliant croceia 3 B. , 


S' 


5560 


Quickly.. 


Hitber. 


Acid fuchsin S (Akt.).. 


S3 


5710 


Quickly.. 


Vignon. 


llethyl violet. , . 

1 


56 
to 
66 


393 S 
to 

46g.s 


, Quickly., 


BDtz. 


Patent blue V (Hoecbst) . . . 


84 


804.0 


1 Quidtly.. 


Hober, But!. 


Guinea green B 


86 


730.0 


1 Quickly. 


HCber. 


Erioglaudn 


9S 


,8... 


1 Quickly.. 


HOber. 







• H. Freundlich and W. Neumann, KoU.-Zeitschr., 3, 80 (1908). 

»R. RcbeT, Koll.-Zeitscht., 3. 76 (1908); Biocb. Zcitschr., ao, 80 (1909). 

•1, Vinon, Compi. rend., 150, 619 (1910). 

*W. ButE (with 1". PfcnnlngJ, van Bemmelen-Gcdenkboek, 106, toio. 
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Transition Systems between Molecular nispersoids and Colloid Solutii 



Nuna 

Neutral red 

True red A (Akt. Bayer) . . . 
Ponceau 3 K (Akt.) 

Ponceau B O eitra (Akt ) . . 

Victoria black B (Bayer). . 

Nile blue 

Crystal violet 

Aniline blue. 

Benzo blue 3 B (Bayer),,. 
Add violet 6 B (Akt) 



Aloinic MoteculM 




Typical Colloid Solut 



Cloth redSA (Akt.) 

Congo broim 9 (Akt.) 

Congo red (Akt) 

Am blue (Akt.) 

Beozopurpuriii , 

Congo blue B X-iB (Akt.) . 
Night-blue 

Heliotrope B B (Bayer) 

ChicaBoblue6BRW(Akt.) 



Not at all! Bilti. 
Not at ail; H9ber,BiltE,Teague, 
and Bui too. 



Not a 


tali 


Vignoo. Blitz. 


Not a 


taU 


Krafft and Preuner. 

TeagueandBuiion, 
Haber. Bilti. 


Not a 


tall 


KraUt and Prcuoer, 
Hflber, BUtx. 


Not a 


tall 


Bihi. 


Not a 


tali 


Teague and Buxton. 
Freundlich and 
Neumaan, Bills. 


Not 8 


mil 


Hflber, 


Nol ai all 


Bilti. 



The table shows that, in general, dialyzabiUty decreases with 
rising atomic number and increasing molecular weight. That the 
rule is only approximately true can be seen by comparing the 
tables horizontally. (The vertical rows are arranged accord- 
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ing to increasing atomic numbers.) In each of the three classes, 
some of the dyes have a low, while some have a high, atomic num- 
ber. Even substances with high molecular weights, as Bengal 
Rose may be found in the rapidly dialyzing class. The degree of 
dispersion of the dye is therefore dependent not alone on the atomic 
□umber or the molecular weight, but on other factors as well. It 
seems natural to have tried to explain the lack of parallelism through 
the chemical constitution of the dyes, as W. Biltz and others have 
done with a fair degree of success. A review of Biltz's results is 
beyond the limits of this book, but it should be noted that even so, 
a quantitative relation between chemical constitution and degree 
of dispersion does not appear even when only simple compounds 
in homologous series are considered. The absence of parallelism 
between size of particles and molecular weight demonstrates also 
the danger of trying to determine molecular weight from diEfusioa 
constants as discussed on p. 21S. 

When the dialysis of non-aqueous colloids is discussed it must 
&ist be remembered that many dyes "dissolve" to form colloid 
solutions in water, but molecularly dispersed ones in other sol- 
vents, such as alcohol (F. Kraflt, /.c.,and others). Corresponding 
herewith, the alcoholic solutions dialyze better than the aqueous 
ones. Especially interesting results have been obtained with 
iodine dissolved in different organic solvents. J. Amann' has 
shown that iodine dissolves in benzene as a molecular dispersoid, 
in petroleum as a colloid. Corresponding to this fact, it dia- 
lyzes through a parchment capsule out of its solution in benzene 
but not out of that in petroleum.* 

4. Special Observations Regarding the Dialysis of Colloids. — 
Colloids frequently pass through a dialyzing membrane /or a short 
time immediately JoUouing their preparation. This is especially true 
of freshly prepared silicic acid as observed by Th. Graham and 
more recently confirmed by F, Mylius and E. GroschufT.* The 
explanation of this interesting fact is to be found in the instability 
of the degree of dispersion in colloid systems. When a colloid 
solution is prepared by condensation of a molecularly dispersed 
system, the desired product is not obtained at once, but only after 
hours or days. Sometimes, moreover, the condensation occurs 

'J. Amann, Koll.-Zeilschr,, 7, J,is (iqio); 7. f>? C'g'o). 

' According to the unpublished rvaults of Prof. S. Suzuki and the lulhor. 

* F. Mylius uid E. GroschuS, Ber. d. Dtach. cbem. Ges., 39, 1 19 (i9ofi}. 
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deserves mention. When the separation of the molecularly dis- 
persed or electrolytic components of a system from the colloid is 
far advanced, a radical change in the state of the system often 
Kcurs. It may coagulate. This fact, which was already observed 
by Graham, shows that the presence of a certain amount of elec- 
trolyte is necessary to insure colloid slabilUy. An example of this 
behavior is offered in Table 45, when the ferric hydroxide has been 
dialyzed 120 days. 

§30. Osmosis of Colloid Systems 

I. General Remarks and Literature. — During dialysis, an 
mcrease in the volume of the dialyzing liquid in the interior of the 
cell is often observed. Tliis is the phenomenon of osmosis, known 
for a century and a half.' Osmotic phenomena take place when- 
ever a dispersoid is brought in contact with a less-concentrated 
one or its pure dispersion means, under conditions which do not 
allow of the "free" diffusion described in §28. This may 
be accomplished by placing between them a so-called semi- 
permeable or, better expressed, a selectively permeable membrane, 
in other words, a device which gives passage to the dispersion means, 
but not to the dispersed phase. These devices are plainly nothing 
more than such as were used, for example, in the dialysis of colloid 
systems, as described in the previous paragraphs. In fact, osmotic 
phenomena may always be expected to appear during dialysis. 
Consideration of these osmotic phenomena discloses their close 
connection with the processes of diffusion and dialysis. Like 
the latter, osmosis represents an impeded diffusion. Osmosis, like 
Jree di£usion, tends toward the establishment of a uniform spatial 
dishibution of dispersed phase and dispersion means. Since, in the 
Ktesence of a dialyzing membrane, the dispersed phase cannot 
Irander into the pure (or less concentrated) outer dispersion means, 
the reverse occurs and the pure dispersion means wanders into 
the dispersed phase, The result of this which represents the re- 
ciprocal of free diffusion, is an equalization, as far as possible, of 
the concentration of the dissolved substances in the different parts 
of the system. 

The intensity of the tendency to bring about a uniform dis- 

I WUh. Oslwald, 




tribudon of dispersed phase and dispersion means may be measured 
by opposing this osmotic leveling process by the hydrostatic pres- 
sure of a water column. The pressure thus made evident is called 
the osmotic pressure of the dispersoid.' To make osmosis passible 
it is immaterial whether the selective permeability of the mem- ' 
brane is brought about by its sieve-like action, which holds back 
mechanically the dispersed phase, or by its selective properties as a 
solvent in the sense that only the dispersion means is soluble in it.* 

Osmotic pressure and osmotic phenomena like Brownian move- 
ment and diffusion velocity are markedly dependent on the spe- ' 
cific surface of the dispersed phase. Colloid solutions, therefore, 
show but slight osmotic pressures, provided they are not contami- 
nated with mo'ecular or ionic diirpersotds. Most colloids can only 
with difficulty be rid of these impurities which eater these systems 
in the process of their preparation or are necessary for their 
stability. Such traces of impurities introduce great errors 
into pressure measurements which at the best yield but small 
values.* It cannot, however, be denied that many typical col- 
loids, especially when of high dispersion, possess some osmotic' 
pressure of their own. This follows as a necessary conclusion from ] 
the existence in them of Brownian movement and diffusibility. I 

Measurements of the osmotic pressure of colloids have been' 
made and discussed at special length by W. Pfeffer,* H. Picton and. 
S. E. Linder,* C. E, Linebarger,* E. H. Starling,' C. J. Martin,'' 
A. Lottermoser,' B. Moore, W. H. Parker. H. E. Roaf, L. Adam- 

* In many lextbooks, following thu lead ot W. Nernst, wc find it stated that 
osraotic pressure is the "cause" or "force" produdnj diffusion. This way of 
putting itisincorrectas the above remarks on the relation oF diffusion to osmo^show 
and as J. J. van Laar (Vortrage uber d. thermodynam. Potential usw. BraunschweiKi 
(906) hm long emphasised. The concept o( osmotic pressure stands and faUs 
with the presence and absence of a selectively permeable membrane. It contizdicts 
every correct view of osmotic pressure to assume its exjsteace in the abseiice 
of such a membrane, as in the processes of free diffusion. It is, however, correct to 
hold that the phenomena of diffusion, of osmosis and of Brownian movement all 
spring from the same source of energy as clearly evidenced by the close relatiaiis and 
analogies between them. 

* For details regarding such and other properties of membranes sec the compre- 
hensive monograph of H. Zangger, Ergebnisse der Physiologie, 7, 99 (1908). 

' With reference to the view that the itdmixed electrolytes may conetitulcinteg' 
ral parts of the colloids see p. 143. 

' W. Pfeffer, Osmotische Unterauchungen, Leipag, 1877, 

' H. Picton and S. E. Under, Joum. Chem, Soc., 63, 148 (1891). 

* C. E. Linebarger, Silliman's Am. Joum. Sci., (j), 43, 21H, 416 (1891). 
' E. H. Starling, Journ. Physiol., ig, 31a (1803-6); 24, 317 (iSgij). 
*C. J. Martin, Journ. Physid,, ao, 364 (i8<)6). 

■ A. l,ottermoser, Anorg. RoUoJdc, Stuttgart, igoi; Z. f, physik. Chem., 60, 451 
(1907). 
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SOD, D. Bigland,' E. W. Reid,'' J. Duclaux,' G. Malfitano,* R. S. 
Ullie,* G- Hiifner and Gansscr,' W. M. Bayliss/ W. Biltz and A. 
von Vegesack* and others. Only the more important of their 
tindiDgs can be touched upon here. 

2. Methods of Measuring the Osmotic Pressure of Colloids. — 
From what has been said it is clear that any dialyzing apparatus 
may be used to measure osmotic pressure. As dialyzing mem- 
branes, the earHer investigators generally used parchment paper. 
More recently collodion capsules have been employed. C. J, 
Martin (l.c) used clay cups impregnated with silicic acid gels; 
E. H. Starling (l.c.), the same impregnated with gelatine. For 
details the recent works of W. Biltz and A. von Vegesack should 
be consulted. Fig. 52, which represents a cell used for osmotic 
pressure measurements, is taken from their pubUcations. Below 
is shown the collodion capsule. Of the two vertical tubes, one is 
used to fill the "osmometer," the other to record the pressure. 

The greatest source of error in the determination of the osmotic 
pressure of coUoids lies in the disturbing effects of the presence of 
mole cu lady dispersed phases, especially electrolytes. Several 
schemes have been proposed to obviate the difficulty. Different 
investigators, especially B. Moore (with his collaborators) and J. 
Duclaux, have maintained that the accompanying electrolytes 
constitute integral parts of the colloid and are bound to it either 
chemically (see Duclaux) or at least through "adsorption." In 
other words, they hold the electrolytes to be essential to the 
maintenance of the colloid state. When they are removed the 
colloid is "denatured" and, as has been observed, "polymerized" 
into coarsely dispersed particles, even to the point of coagula- 
tion. 'J'bat all this may occur, as in the case of the albumins, must 
be admitted, but it cannot be stated as a universal truth. As 

' B. Moore and W. H, Parker, A mer. Journ. Physiol, 7, a6i f:goi); B.Moore and 
H. E. Raid, Bioch. Jouni 3,34 (iqc6): 3, 5s (igo?); B.Moore and D. Bigland, tWrf., 
Si 31 (i9°q); H. E. Koal and L. Adamson, Bioch. Joum., 3, 41Z (rqc8); Journ- 
Phyaiol.,39(i9og);Quarl.Jouni. Physiol.,3,7j, 171 (1910); inpart availableonly in 
ibstract. 

' E. W. Rdd, Journ. Pbysiol., 31, 439 (1904); 33. i; (1905). 

'J. Duclaux, Compt. rend,, 140, 146S, 1544 (1905); Joum. Cbim. physique, 5, 40 
(1907); I, 407 (1909); see oJso the review in KoU.-Zeitschr., 3, 116 (1908). 

*G. MsJfitaDO, Compt. rend., 141, 1418 (190G}. 

' R. S. liUie, Amer. Journ, Physiol., ao, la? {1907). 

* G. H(l£ner and Gansser, Engelniann's .\n;h. f. Physiol. 309 (1907). 

'W, M. Bayliss, Proc. Roy. Soc., 81, 369 {igog); koU.-Zeitschr., 6, 23 (19")- 

•W. BiJuand A von Vegesack, Z. f. physik. Chem., 68,357 (1909); 73. 481 
(1910). 
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R. S. JJQie (tx.) has emphasized, the presence of electrolytes is 
aot essential lo the existeDce of all metallic hydrosols, and no i 
nasoo can be assigned at present why one phase cannot be divided i 
into uotfacr to the point of colloid dispersion in the entire absence 
of any dectrolj-tc. These remarks are not intended to deny the i 
cxistcoce of coUoid-electrolyte complexes. They are only made , 
to emphasize that such discussion does not an- 
I^^^BH^ I swer the question of what is the value of the os- 
motic pressure of pure colloids themselves and 
f'ow it may be measured, for theoretically the col- 
.'iiis must have some because they show Brownian 
i;iovement and diffuse. 

The following measures have been proposed 
lo attain this end. At first sight it would seem 
:!;ost satisfactory to use membranes which per- 
nit a sharp dJalytic separation of colloids and 
iHL'lecular dispersoids. In the course of the diaJy- 
-i- the molecular dispersoids would then pass 
through the membrane while the colloids would 
[(.main behind. The end pressure would then 
'<.■ that of the pure colloid. It is well to empha- 
~ .f, at once, that these final osmotic pressures 
i.ive almost invariably been found to be very low. 
A second method consists in taking a limited 
\ I'lunie of outer liquid and waiting until an equi- 
[iiirium has been established between the concen- 
tr.aion of the electrolytes in this and the con- 
1,1, . niration of those contained tn the inner liquid. 

?"^^^^ In connection with this method it must be borne 

in mind that the equilibrium need not in any 
vroso be synonymous with equality of concentration in the two 
tliiuidiU A whole series of facts, one of which is the difficulty of 
"WdnMni! out" the last traces of electrolytes from precipitates, | 
I'oiiipcU llir conclu'^on that colloids tend to concenirale eleclrolytts 
u^H Ikrmsekts' and thereby to increase the possibility of de- 
vrlopiiiK and exhibiting a greater osmotic pressure than is really | 
tlwr lo Ihtf colloids themselves. Since such increases in concen- I 
r«ltiui depend, us a rule, only on the cottcentration and not on ' 
Iho a^ttttilt amounts of the electrolyte present, they undergo 
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progressive variation as osmosis takes place because of the 
movement of the liquid, and thus further complicate the 
problem. 

The following procedure has abo been used. After the electro- 
lyte content of a colloid has been determined by analytical means, 
an amount is added to the outer liquid to bring its concentration 
ap to that assumed to exist within the colloid. The overplus 
of osmotic pressure exhibited by the colloid mixture is then re- 
garded as the osmotic pressure of the colloid itself. To get a 
proper outer solution the dialysate or outer liquid, rich in electro- 
lytes, is used against the original mixture, or a proper outer 
Buid is obtained by a filtration (see the following paragraphs) 
which separates the electrolyte solution from the colloid (J, 
Duclaux, I.C.). Finally, the maximal pressures observed in the 
osmosis of a colloid solution containing electrolytes has been 
taken as a convenient method of arriving at the osmotic pressure 
of the colloid itself. As W. Biltz and A. von Vegesack (I.e.) 
have pointed out, this is the resultant of two processes: of the 
osmosis directed toward the inner liquid (endosmosis) and of 
that directed toward the outer (exosmosis), which latter parallels 
dialysis. 

These remarks make it clear that the methods for the quanti- 
tative determination of the osmotic pressure of colloid systems are 
not as yet worked out entirely. If we do not wish to determine 
the osmotic pressures of highly purified colloids or their final 
values to the point of utilizing a microscope to make readings 
and a micro-osmometer, then employment of a constant volume of 
outer liquid, with attainment of an equilibrium between the elec- 
trolytes present in both Uquids, seems most expedient. It would, 
of course, be well to determine also the distribution of the 
electrolytes between colloid and pure dispersion means, in 
order to work out from the obtained values a proper equilibrium 
curve' from which might then be exterpolated the osmotic pres- 
sure of the colloid when the concentration of the electrolyte 
equals zero. 

3. Instability of Osmotic Pressure of Colloids. — One of the 
first things to be noticed when the osmotic pressures of colloids 
are measured, even though every effort is made to keep constant 
* This would undoubtedly lake the (orm of the adsorption isotherms. 



all external conditions, is their inconstancy. Not only do prepa- 
rations of one and the same substance, prepared by different 
methods, show different osmotic pressures, but shaking, stirring, 
standing, etc., all cause considerable change in them. The foU ow- 
ing examples illustrate this behavior. 

Table 46. — Influence of PttEvtotrs Tkeatweni on Osmotic Pbessdi 

(.According to E. W. Reid) 



Ovalbumin, twice crystallized and once wasi 

Ovalbumin, washed repeatedly 

Ovalbumin, precipitated and once washed.. 



Precipitated bovine senii 

washed. 
The same, once washed. . 



-albumin, repeatedly I 



..46. 



These experiments of E. W. Reid (I.e.) show that the osmotic 
pressure of one and the same substance (egg-albumin) varies at 
the same concentration between the values zero and 15.71 mm. 
of mercury. They also betray the important fact that the ash 
content of a colloid is not fundamenlally responsible Jot the saiue of 
its osmotic pressure. The osmotic pressure of a preparation hav- 
ing the greatest ash content is zero, for example. 

The following example, taken from R. S. Lillie (I.e.) is intro- 
duced to illustrate the influence of shaking. 

Table 47. — Inphience of Shaidnc on Osmotic Pbessuke of GelatihkJ 

(According to R. S. Lillie) 
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It is a remarkable fact that while the osmotic pressure of 
gelatine is increased by shaking, that of egg-albumin is decreased. 

Table 48 illustrates the influence of stirring on the osmotic 
pressure of colloid solutions. 

Table 48, — Influence of Stwring on Osmotic Pkkssure o 
PUKIN Solutions 
(According to W. Biltz and A. von Vegesuck) 





<,wi.c1«.™, 


tef B, flennopurpurin 


igh in rlceirolyws 




Bcilhtof 




Height of 






flm>t 


Renuu- 


ks Hour 


fluid 


Reinarks 




Mduma 






ctdumn 




I o 


9 41 


Not Stirred 


5 


l.tl 


Stirred. 


*-5 


9 


61 


Not stirred 


15 


t.3S 


Not stirred. 


3-5 


9 


50 


Not stirred 


18 


'■34 


Stirred. 


4.5 


9 


es 


Stirred sm. 


n 378 


1.30 


Stirred i hr. daily. 


5,0 





86 


Stirred s m 


n 






S-S 




07 


Stirred j m, 


n., , 4>6 


1. 14 


Stirred 7 hrs. pre- 


6.0 


to 


18 


Stirred 5 m 


n,.. . 




viously. 


7» 


to 


40 


Slirred 5 m 


n 






8.0 


lO 


60 


Stirred 5 m 


n„. . 450 


1.16 


Stirred 7 lirs. pre- 


9.0 


10 


64 


Stirred 5 m 






viously. 




8 


66 
16 


Stirred 5 m. 

Not stirred 


n.. . 






M.O 








».5 


8 


37 


SUrred 5 ni 


n.. , 






ai.o 


8 
9 


93 

08 


Stirred 5 m 
Stirred 5 m 


a.. . 


■■.:.4 




«S 


Stirred during day. 


91. o 


9 


16 


Stirred 5 m 


n.. . )^ 


i.ig 


Stirred 6 hrs. 


13.0 


9 


2Q 


Stirred 5 m 


"■ 145 


1.09 


Stirred 6 lirs. 


S4.0 


8 


98 


Stirred s ra 


».. . 167 




Stirred 6 hrs. 


iS.o 


8 


99 


Stirred 5 m 









jS.o 


7 


16 


Not stirred 








.8.5 


' 


45 


Stirred s m. 









This table shows an increase in osmotic pressure with every 
stirring, even though the effect is but transitory. The increase 
occurred three times in the data given. It is also apparent that 
solutions containing small amounts of electrolytes are more sensi- 
tive to this influence than those richer in these which are scarcely 
affected. Gelatine behaves similarly, as shown in Table 47. 

In discussing the influence of time upon the osmotic pressure 
of colloids we need to distinguish between its variations when a 
colloid is simply left to itself in an osmometer and its variations 
if the same colloid is measured at different periods. The first 
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relation is evidenced in the left-hand column of Table 48. This 
bcnzopurpurin showed a rise to 1.21 cm. after 310 hours; nhile 
(he capillary rise in a similar tube amounted to 1.12 cm. The 
osmotic pressure was therefore 0.09 cm. In iUustration of the 
inlluoncc of age upon the solutions, these authors found a dialyzed 
solution of 0.00103 normal night-blue to yield a maximum osmotic 
pressure of 15.52 cm. of water after 2 days; after 6 days, 4.24 cm.; 
and nfler 11 days, 4.08 cm. 

When we survey these facts we are struck by the great in- 
constancy of the osmotic pressure of colloids as compared with 
that of molecularly dispersed solutions. The osmotic pressure 
of colloids is variable, being greatly modified by mechanical treat- 
ment, age, etc. Such sensitiveness is unknown in molecular dis- 
pentoids. It is true, of course, that the experiments of W. Spring' 
hftvc shown that even ordinary salt solutions, for example, are 
not absolutely stable in their conductivity, their optical properties, 
olc, but these variations are very small when compared with 
those cxliibited by colloids. The reasons for this great variability 
are to he sought in the changes of slate of colloids, such as varia- 
tions in their degrees of dispersion, states of aggregation, etc., (ot 
which many different causes may be responsible, as will be dis- 
cussed later. The osmotic pressure of colloids, more especially 
of cmulsoids, varies therefore as does their viscosity.. 

4. Influence of Concentration on Osmotic Pressure of Colloids. 
— The osmotic pressure of molecular dispersoids, as is well known, 
is governed by the important law of Pfeffer-van't Hofi: the osmotic 
pressure is dirtctiy proportional to the concentration. The rela- 
tions in colloid s>'stems are not so simple. Examples are known, 
in which the law holds approximately, but there are aJso those in 
which (he osmotic pressure increases faster than t/ie concentration, 
vr mare slovly than tkis. Perhaps nothing better demonstrates 
the inappropriateness of applying without due consideration, the 
"solution laws" valid for molecularly dispersed systems to colloid 
systems, Ihan this variability of the concentration function of the 
osmotic pressure of colloids. 

The following findings of W. BiJtz and A. von Vegesack Qx.) 
on purified congo red may ser\'e to illustrate the first of tbe thiee 

:i (1910), ■bcTc KfttCBCCstecfttfierpipvnaaUiii 
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possibilities, namely, that wherein concentration and osmotic 
pressure are approximately proportional. W. M. Bayliss (I.e.) 
also noted this proportionality in concentrations ranging from 
0,07 to I per cent, by weight. 

Tabie 49.^Relation op Osifonc Psessube to Concentbation tn Dialvzed 
CoNco Red Solutions 
(According to W. Biltz and A. von Vefcesack) 







p 




P 




O.S39 norm. 


4-.5C.. 


0.770 




08 


a.. sen,. 




75S 




44 


10.24 cm. 





6C5 




80 


14.00 cm. 





778 




'SS 


14.61 cm. 





678 




87 


18.70 cm. 





6sa 




'3 


ji.SJcm. 





667 




59 


as -04 cm. 





6q8 




31 


as -3° en.. 


* 


S87 



The constants are all of about the same order of magnitude. 
Gum arable behaves similarly according to W. Pfeffer {l.c.). 

Table 50-— Oswtic Pbessurb of Cum Arabic (n DtTFERXNT Conoentsatioks 

(According lo W. Pleffer) 



'^r'- 


o» 


atic pnutin is 


cow. a* 


» 


I percent. 


1 


6 -59 




6-9 


6 


1 


15,9 




4.3 


8 




70.0 
119.0 




SO 
6.6 



The observations of J. Duclaux {I.e.) on the same substance 
and given in Table 51 should be compared with these. 

Some illustrations of how the osmotic pressure may increase 

more rapidly than the concentration are given in Table 51. 

P 
As readily apparent, the relation - increases greatly with nsing 

concentration. This is altogether different from the behavior 
of molecular dispersoids, in which, so far as known, the opposite 
occurs as the concentration rises. That the experimental methods 



H 



240 



SPECIAL COLLOID-CHEMISTRY 



"7. 

c 

H 

t 

H 
U 

o 



S 

o 

o 
o 



2 



H 

9 



<vO 



a 



; <^o I 






• i-i o 

E • • 
O *^ Ov 



o 

b 



\o ^o to 









M 


lO 


M 














c« 


w 


<>o 








u 


. 


































Xi 

tf 


•«^ 


a 


O' 


to 


-«* 








s 




o 


M 


i>. 










a 


• -- 
















9 




• 














o 




e 
4) 


















00 


NO 












o 




00 

• 

o 




• 














>o 


«o 


00 


to 


o 


t^ 


.M 


<^o 




• 


• 


• 


• 


• 


• 


2 






o 


« 


"* 


NO 


Ov 


o 

M 


•o 


















'a 


















8 

>» 

J3 




• 


to NO 


»^ 


to 


o 


«o 


<^ 


a 


<>< 

• 

o 


to 

• 

o 


• 

o 


• 
M 


• 

<>< 


o 

• 


a 




• 














9 




«* 














c 




e 

a* 


o 


NO 


t^ 


to 


o 


PO 


o 

(5 


o 






to 


o^ 


t^ 


t^ 


o 






• 

o 


• 

o 


• 

o 


• 

M 


• 

d 


• 






a. 















o w 

0} O 

Ow 

i§ 



c 

4 



Qi 
O 
u 

"2 
"o 



; <^ o 



! ♦: 



.a I 



o 
O 



«>.o 



K 
O 

I. 

•3 

C 

o 

u 



O 





«*5 


O^ NO 


PO 






c« 


« 


«o 


to 






• 


• 


• 


• 






O 


o 


o 


o 




^ 


to 










a 


»^ 


o 


oo 


00 




O 


d 


M 


• 


• 

to 




4a 












c 


PO 


«o 


t>. 


o 




u 


• 


• 


• 


• 




u 


«o 


to 


t>. 


M 




V 








M 




cu 














^ 


t^ 


o 


t^ 


o 




M 


« 


«o 00 


M 




■«-» 








M 




s 


■~m- 


'9 








o 


«• 


V 


%• 


^ 




«• 


«• 


%• 






J3 












rt 










• 


o 


»o 








a 


« 


«o 


o 


o 


o 


o 


d 


d 


« 


t^ 






to 


c« 


"^ 


QO 


"^ 


■ 


1^ 


• 


• 


« 


OO 


a 

o 




o 


o 


o 




d 








M 


(J 


<*-> 










u 


3 












o 


<« 


N« 


^ » 


* 



^^ c _. 

U V c 



t^ It OO r': to 
O M M c« n 



00 00 NO to NO 



d 


■ 

<>< 


to 


• 

<>< 


<>< 








M 


c« 


oo 


1- 


\ri 


»o 


O 


o 


O 


O 


«*5 


PO 


M 


« 


«*3 


ro 00 


-*-• 










3 










^ 


^ 


^ 


^ 


^ 


^^ 










Xi 










ei 











MECHANICAL PROPERTIES OF COLLOID SYSTEMS 



241 



used by Duclaux are not responsible for this behavior is shown 
by the experiments of W. Biltz and A. von Vegesack (I.e.) included 
in the table as controls. 

A relative decrease in osmotic pressure with increasing con- 
centration, a relation typical of concentrated molecular disper- 
soids, has been observed by B. Moore and H. Parker (I.e.) in 
sodium oleate solutions. Thus a 0.5 per cent, solution showed a 
maximum osmotic pressure of 14.4 mm. (at 55°)) while a 3 per 
tent, solution showed one of 37.2 mm. (at 40°). The two quo- 

P 

tients, „ are 288 and 124 respectively. In other words, a six- 
fold increase in concentration caused only a two and one-half 
fold increase in osmotic pressure. Table $2, containing the 
eiceedingly careful experimental results of E. W. Reid (I.e.) 
on the osmotic pressure of repeatedly crystallized hemoglobin, 
illustrates very strikingly what has been said. 

Tablf. si.^Relation or Osmotic Pmssuiie or Hewoglobin Soitjuons 

TO THEXK CONCENTRATIOK 

(According to E. W. Reid) 






Concttitr.ti™ 


- 


1 2.76 per cent. 




1 2.9!, 




4-58 




4-9S 




S.70 




6.0s 




6.07 





Disregarding some .slight irregularities.^the decrease in the 
(quotients is unmistakable. The diCferencesare brought out most 

plainly if the variation of the quotient, ^, is reprcsenled graph- 
ically. This has been done (in arbitrary units) in Fig. 5 ;. The 
three different types are easily recognized. 

It should be mentioned that J. Duclaux (l.c., 1910) has observed 
a minimum for the quotient in the case of Berlin blue, though 
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he has himself raised some doubts as to the reliability of his 
measurements.' 

The theoretical significance of these different concentratioD 
curves we shall discuss later (see p. 357). 

5. Influence of Temperature on Osmotic Pressure of Colloids. 
— C. J. Martin and W. M. Bayliss {I.e.) state that the osmotic pres- 




Concentration — - 

Fic, 53. — Relation between concentration in colloid systems and the quotient ol tbe 

osmotic pressure and concentration. 

sure of albumin, hemoglobin and Congo red varies rectilinearly 
with the temperature, in other words, directly with the absolute 
temperature. This statement would make Gay-Lussac's law 
valid for these solutions. The findings of B. Moore and Roaf 
{i.e.), J. Duclaux (/.c), W. Bittz and A. von Vegesack (/.c). 
' The measurements of W. Pfeffer on gum ainbic, given in Table 50, also show > 
n value for the quotient y: 



f 
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etc., contradict this. Moore and Roaf found the osmotic pressure 
>5 gelatine solutions to increase considerably faster than the 
.ijsolute temperature. Technical night-blue solutions show an 
^DalQgous behavior, according to the figures of W. Biltz and 
A. von Vegesack, contained in Table 53. 

TutB S3.- — iNFtUENCE OF TEMPERATURE ON OsMOIlC pRESSUHE OF A 3.49 

NORUAL Solution of TecumcAL Nicht-blue 
(According to W. Biltz and A. von Vegeaack) 



IS 198 10.81* 0.036 

SO 3JJ 13-83 0.043 

70 343 17.69 0,050 

'Average o( two experimenls. 

J. Duclaux has observed the opposite to be true of iron hydrox- 
idesol. In this, the osmotic pressure decreases not only rela- 
tively, but even absolutely, with rising temperature. There exists 
Ho analogue for this in the field of molecular dispersions. Duclaux 
found the following: 

Temperature i° (375) 23° (298) 70° 0«) 

Osmotic pressure (cm.) 33.9 11. 3 10,9 

f 0.083 0071 o.o6< 

Figure 54 shows graphically how differently the osmotic pres- 
sure of different colloids varies with changes in the temperature. 
The dotted line represents the ideal case in which there exists 
simple proportionality between the two as is the case, at least 
approximately, in molecular dispersoids. 

It should now be pointed out that B. Moore and Roaf (Ix.) 
and R. S- Lillie (I.e.) observed interesting thermal after-effects 
or so-called hysteresis phenomena in gelatine solutions. Thus 
gelatine solution which has been heated continues to show a 
higher osmotic pressure for some lime after cooling than when 
kept continuously at the lower temperature. The following Table 

54 taken from R. S. Lillie illustrates this. It also shows that the i 

differences first noted between the previously cooled and the pre- ^^H 
viously warmed gelatine become less with time. ^^| 
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4.— TvFi.DENCE Of Thermal Histoey os Osmotic Phes6Ti»b a 
I Per Cent. Gelatine 
(According to R. S. LilUej 
Osmotic Pressure at Room Temperature in Mm. Hg. 






rEviouitir wumed to 61-70* 



5 "lays 



for long I 



4,g (chilled 
mE previously) 




This behavior also is unknown among the molecular dis- 
persoids. 

6. Influence of Added Substances on Osmotic Pressure of 
Colloids. — The influence of added substances upon the osmotic 
pressure of a given system, is, according to the classic theory of 
raolecularly dispersed solutions, purely additive. In other words, 
the pressure exerted by the added substance is added to that of 
the original system. There exist exceptions to this rule, of 
course, and usually in the sense that the calculated osmotic 
pressures are found to be greater than those actually observed. 

The effect of added substances on the osmotic pressure oi 
colloid systems is more complicated. Under this heading also, 
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concentration and- temperature functions are encountered which 
not only do not correspond with any observed among molecular 
dispersoids, but which among themselves show great differences. 
The influence of added substances may be studied by adding 
them in equal concentration to both the inner and the outer 
liquid. The important experiments of R. S. Lillie (/.c.) were 
carried out in this way. 

Acids and alkalies may either increase or decrease the osmotic 
[iressure of different colloids. Sometimes one and the same 
colloid may show both tj^es of behavior. Often very smalt 
quantities of hydrogen or hydroxyl ions are sufficient to cause 
noticeable effects. W. M. Bayliss (Lc.) found the osmotic pres- 
sure of very pure (and highly dispersed) congo red to fall from 207 
mm. to 120 mm. when the outer water (conductivity water) 
surrounding his osmometer was replaced by the same water satu- 
rated with carbon dioxide. The stronger acids produce, of 
course, still more marked effects. The addition of alkali in- 
cTtases the osmotic pressure until a maximum is reached, beyond 
which it falls again. Table 55 gives a part of R. S. Lillie's find- 
ings on gelatine.' 

Tabl£ s^.—lstLVKuce. OF Acids and Alkalies on Osmotfc Phessube of 
1.5 Per Cent. Gelatine 
(According to R. S. Lillie) 



n/6jo 
n/4is 
n/310 



B ■ 

^^"As can be seen, low concentrations of acid lead to a slight but 
aefinite minimum of osmotic pressure. With higher concentra- 
' See also the ujialogoua findings of H. E. Roat il.e.) on bemoglobin. 
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tions, there occurs a sharp increase in osmotic pressure which 1 
steadily for ^ time with increasing concentration. R. S. L 
thinks it probable that beyond a certain point a decrease in 
motic pressure would again occur. Within the concentra 
range studied, alkalies led only to an increase in osmotic press 
Figure 55 shows graphically this variation of the osm 




SP«< 



pressure of gelatine solutions with the concentration of the ad 
acids and bases. 

Contrary to the tindings in the case of gelatine, the osmi 
pressure of egg albumin is always lessened by the additioD 
hydrogen or hydroxy! ions. Table 56 shows this. 

In the case of the adds a definite minimum again appe 
The ty-pe of curve, at least for albumin, is therefore not so fun 
mentally different from that for acid gelatine. 
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Tabu 56.— Imfluxmcx of Acids and Alkalies on Osmotic Prbssuxs of 

Z.5 Per Cent. Egg Albi min 

(According to R. S Lillie) 



HQ 



KOH 



Conoantratioii 


Ostnotic pr6iiuro 
in mm. Hg. ! 

25.6 


Conosntr&tioii 


Osmotic preuuft 
in mm. Hg. 








25.6 


D/3100 HQ 


20.7 


11/3100 KOH 


24.1 


0/1240 


II. s 


n/1240 


22.6 


0/620 


14. 1 


n/620 


20.2 


a/412 


20.4 


n/412 


18.0 


D/310 


22.2 


11/310 


17.9 




0.009 ~^d 

Concentration' 



6nonrta/ 



5. 56. — Effect of acid and alkali on the swelling of gelatine plates. (According to 

experiments by Wo. Ostwcdd.) 

To illustrate the varied influence of salts the following examples 
ay be given. Technical night-blue contains a considerable ad- 
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mixture of electrolytes. If they are removed by dialysii 
osmotic pressure increases, as shown in the following table. 
The behavior of gelatine and albumin toward added salts 




Fic. 57- — Relation between internal friction (upper figure) and osmotic pR 
(lower figure) in albumin solulions when acid or alkali is added in different concc 
tions. (From eiperimenls by Wo Patdi and his coworkers and R. S. LitlU.) 
the percentage increase in vbcosity and not its absolute value could be given i 
upper figure, 

been extensively studied (B. Moore and coworkers, R, S. L: 
etc.). The following general truths are taken from the find 
of R. S. Lillie: 
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57. — OsMOnC Pb£SSUK£ OY PoKI?tED NlGHT^BlCE AND OF NlGHT-BLlTE 

CoNTAimKC Electeolytes 
[According to W. Bilu and ,\. von Vegesacfc) 



Porified coUoid 



Colloid coQtuning el 






W. M. Ba^iss (J.c.) obuined analogous results for coogo red. 

The addition of salts always causes a decrease in the osmotic 
pressure of these colloids. The degree of this decrease varies 
with the concentration and with the nature of the anion and 
cation- Generally speaking, the neutral salts of the altiali metals 
cause the smallest decrease. The salts of the alkaline earths are 
more effective and those of the heav'y metals most effective of 
all, though they vary considerably among themselves. With 
salts having a common cation the order of the anions, when that 
most effective is given first, is about as follows: 

S04>Cl>NO,>Br>I>CNSi 

The cations similarly arranged follow the order: 

heavy metals > alkaUne earths > alkali metals. 

Table 58 details some of the actual experimental hndings. If 
the validity of the above-mentioned conclusions is to be tested, 
the data of the original papers must be consulted for the experi- 
ments differ considerably among themselves. 

Figures 58 and 59 also show the complicated effects of the cim- 
cenlralioti of the added salts upon the osmotic pressure. The 
original paper (I.e., p. in) must be consulted for the detailed 
data upon which these figures are based. 

' For similar lindings on hemoglobin see the work of H. £. Roaf (I.e.). 
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Table 58.— Influence or Salts ok Osmotic PRESStm: of ColloimI 
(According to R. S. Lillie) 



Salt* of (be allnllu 



IS pw cent- ilbamln 
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1/34 NaCl 


^■0 




II/J4 NaBr 
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[1/14 Nal 


4.0 




1/24 NaNO, 


4-i 




a/»4 NaCNS 


S-.l 
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m/J4 
ni/14 
m/J4 
ni/24 
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KI 

KNO, I3.J 

KCIO, 3.; 

KBiOi 3.1 

KCNS 3-: 

KtSO, >.< 
KCOOCH, 3 ., 

KiC,0, 3,, 



m/ge MgCIi 
m/Q6 CaCI, 
m/Q6 SrCl, 
m/96 BaCl. 



Dt/g6 MgCli 
m/96 CaO, 
m/g6 SrCIt 
m/06 BaQ, 
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ni/g6 MnCI, 


6.0 


m/iQj Coa, 




Bi/48 i.ici 


S-4 


II./48 LiCl 


J, a 


m/Q6 CoCl,* 


<!-6 


m/i83 CuQ, 


S-,1 


m/4a NaCl 


S 6 


cn/48 NaCl 


».6 


m/g6 CdCI," 


4.« 






m/48 KCI 


SO 


m/48 KCI 




m/96Ph. 


3.8 






m/4aNH.C 


4 S 


m/48NH.a 


t.6 


(NO.),* 
















m/gfi CuCl," 


1.6 















* A precipitate is Formed. 

It is interesting to compare the behavior of the two colloids 
toward the same added substance. While the salts of the alkali 
metals produce about the same effect upon both (the sulpho- 
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Liyanate having the least effect, the sulphate the greatest) almost 
opposite effects are produced on albumin and gelatine when 
other salts are used. Among the alkaline earths, SrCU and 
MgCli produce a greater effect on albumin than CaClj or BaCU. 
When gelatine is used the reverse is the case. Of the salts of 
the heavy metals. CuClj affects albumin more than CoCIj. The 
opposite is true for gelatine. Such contrary effects are not so 
evident when the cations are compared. 

On the basis of the investigations of S. Posternak,' Wo. Pauli' 




Concenrration 



tud R. H6ber,' we are, no doubt, correct in referring these dif- 
ferences in behavior to the differences in the reaction of the two 
colloids. Fresh (native) albumin, such as R. S. Lillie used, has a 
shghtly alkaline reaction, while commercial gelatine is always 
acid. The differences in the effects of an added salt upon an 
"acid" or an "alkaline" albumin so far as its internal friction 
was concerned was discussed in §25. It is of much interest that 
the osmotic pressure of colloid systems should also be so greatly 
dependent on the acid or alkaline reaction of the colloid. 



S. Pasternak, Ann. dc I'lnsi-Pasieur. 15, 85 {'9°9)- 
"Wo. pBuli. Hofmeistw*! Bfilr., 5, 37 ('O03). 
R. BObcc, Hofmeister's Beilr , 11, 3$ (1907). 
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The influence of electrolytes on the osmotic pressiu-e of cc 

may show hysteresis. The after-effects of temperature 
discussed on p. 243. If, in the osmotic study of a gelat 
acid mixture, the outer liquid is replaced by distiUed wate 
pressure column gradually sinks. But to attain its original 




Fig. so.— 



ConcenMaHon ^ 

5g. — Effect of salts upon the osmotic pressure of ti 
'^ R. S. LUiU.) 



requires days, and maybe weeks, before the osmotic pressi 
the pure gelatine is again reached, even when the add 
dialyzes out very rapidly, is constantly removed by frci 
changes of the water (R. S. LiUie). Such lagging before eo 
rium is finally attained is unknown in the osmosis of moli 
dispersoids. 
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»5.> 



Our knowledge of the influence of non-clectroiytes on the 
osmotic pressure of colloids is still limited. An investigation of 
this question would doubtless bring out many interesting facts. 
Table 59 reproduces some of R. S. Lillic's (tx.) results, in which 
but small differences of both a positive and a negative nature 
appear. Obviously, higher concentrations of alcohol, acetone, 
etc., might cause a decided decrease in the osmotic pressure of 
these collrnds. 



(.\i:cor<Uiig to R- S. LiUie) 




Gclatioe 1.15 per cenL 



m/6 ca.De sugar 


6,6 


ra/6 dextrose 


ST 


m/6 dextrose 


58 


m/6 glycerine 


S.6 


m/6 glycerine 


5 9 


m/6 urea 


6-6 


m/6 urea 


;■? 







7. On the Theory of Osmotic Pressure of Colloids.— In the 
classic theory of osmosis in molecularly dispersed systems, as 
formulated by J. H. van't Hoff, on the basis of W. Pfeffer's {t.c.) 
experiments, the absolute concentration, in other words, the 
number of molecules in Ike unit volume alone determines the amount 
of the osmotic pressure (at constant temperature). The osmotic 
pressure is directly proportional to the number of molecules and 
to the absolute temperature. Sv. Arrhenius assumed a dissocia- 
tion of the molecules into ions, in the case of the electrolytes in 
which a gram molecule in the unit volume shows a higher osmotic 
pressure than that calculated. On the other hand, when unex- 
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pectedJy low osmotic pressures were observed, as in high con- 
centrations of different substances, it was held that there occurred 
association, polymerization, etc., of single molecules to larger 
aggregates, or that the dissolved substances combined with the 
dispersion means to form solvates, etc. But whatever the ir- 
regularities observed, they were uniformly reduced to either an 
increase or a decrease in the number of particles actually present 
in the unit volume as compared with their calculated number. 
The number of particles has, in other words, in this classic theory 
of solution, been regarded as the most important if not the sole 
variable. 

When the osmotic phenomena of dispersed systems are viewed 
in a more general way, especially in connection with other forms 
of movement, as Brownian movement and diffusion, it becomes 
evident that several other variables, not considered in the classic 
theory of osmosis, play an important part. They are the degree 
of dispersion and the type of the dispersed phase, together with 
such associated properties, as degree of hydration, etc. It makes 
no difference in the classic theory of osmosis what is the size of 
the dispersed particles, or whether we deal with moleculariy and 
ionically dispersed phases or with coarse dispersions. Nor does 
the type of the dispersed phase matter, or its degree of hydration, 
except in so far as through hydration a portion of the solvent may 
be withdrawn, thereby causing an increase in the molar concen- 
tration. With any given substance in a given disperaon means, 
each particle, no matter what its t>'pe or size, behaves like a 
molecule, and if iV particles (Avogadro's number) are present in 
the unit volume, the system will exert unit osmotic pressure. 

It is evident that we may not thus assume the independence of 
osmotic pressure, say of the degree of dispersion, when we come to 
deal with systems which have not a maximal degree of it, as in 
colloid solutions. To do so would be to deny the importance of 
the relations between osmosis, diffusion and Brownian movement. 
We cannot ascribe the small pressures exhibited by colloids to & 
low "molar" concentration of the colloid phase. Just as certainly 
as highly dispersed phases possess a greater Brownian movement 
and a liigher diffusion coefficient, even independently of their 
concentration, equally certainly must they show a greater osmotic 
pressure than less dispersed ones, other conditions being equal. 
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Only a theory of osmotic phenomena that coosiders the degree of 
dispersion of a system, in addition to concentration and tem- 
perature, can prove universally valid for all dispersed systems. 

It is not difficult to bring experimental proof for such theo- 
retical deductions. In fact, no one who tries to account for the 
great sensitiveness of the osmotic pressure of colloids to different 
influences, can escape considering changes in those characteristic 
variables of colloids, namely, their degree of dispersion and their 
type, as responsible for it. The variations in the osmotic pressure 
must be explained by the same kind of changes by which we 
explain, for example, the variations in their internal friction, 
namely, "changes in state." 

The influence of degree of dispersion upon osmotic pressure is 
very evident in congo red. W. M, Bayliss {I.e.) prepared a pure 
and highly dispersed congo red by allowing NaOH to diffuse into 
its free acid contained in an osmometer.' While the free acid is 
pronouncedly colloid, as betrayed by the fact that it is readily 
analyzable ultramicroscopically, congo red prepared in the manner 
described, cannot be thus analyzed. But it can be as soon as 
traces of electrolytes are added. Even the carbonic acid of the 
air suffices to do this. At the same time, the osmotic pressure 
of the system decreases. All (actors which cause a decrease in 
degree of dispersion, as the addition of electrolytes, ageing, shak- 
ing, etc., decrease the osmotic pressure. Other factors which 
increase the osmotic pressure, as the addition of alkalies, also 
make the lUtramicroscopically heterogeneous structure give way 
to an optically homogeneous one. 

The fact observed by J. Duclaux* that the osmotic pressure of 
a red gold hydrosol is considerably greater than that of a blue 
one also belongs here. We have every reason for believing that 
blue goid sols are not as highly dispersed as red ones. 

The view advanced here that changes in the state of a colloid, 
more especially variations in its degree of dispersion and its type, 
are of particular significance in deterraim'ng its osmotic pressure, 
is perhaps most clearly demonstrated by the close analogies between 
the osmotic phenomena exhibited by colloids and their internal 

* The similar behavior of freshly prepared silicic acid Is discussed on p, ai7. 

* J. Duclaui, Compt. rend,, 14&,1<)S (1909); lor a description of the special methml 
used by this author in determining the osmotic pressure see this paper and Koll.- 
Zeiuchr., 3, 134(1908). 
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Meiioo aad swelling. The clcxse relationship between these pro- 
€tam» b brought out not only by emphasizing that age, previons 
theraud history and mechanical treatment a0ect all of them iD 
Uie Mme general way, but by the fact that Ihey do this often 
tUmit to the minute&t details. This is clearly a[^>arent when 
wc compare the influence of acids and alkalies on the osmotic 
prcMure CK, S. Lillie) with their effect upon the internal fiiction 
'Wo. I'auli, etc.). Still more striking, perhaps, is a comparison 
of the fffects of acids and alkalies on the osmotic pressure of 1.25 
per cent, gelatine solutions (R. S. Lilliej with those of these 
*ame Hubstanccs on the swelling of gelatine discs (Wo. Ostwald).' 
Here the agreement is perfect even to details (see Figs. 55, 56, 
pp, 346. 347).* In connection with these facts the influence of 
i(dde<l Huhstances on the viscosity of gelatine solutions, as given on 
p. i6g, Hhould also be studied. 

Ah 11 matter of fact, the relation between osmosis and swelling 
Ih c1o»c even when the question is viewed from a theoretical 
ntonilpoint. Jn the place of a selectively permeable membrane, 
wo luive I he structure of the material undergoing swelling which 
hinders the movement of the dispersed phase into the dispersion 
or HWelting means. The process leading to the highest attainable 
humot(i-mH>us (spnlial) distribution of swelling substance and 
nwrlUng producing medium, is possible only if the structure and 
the Rpecitic surface of the swelling body change simultaneously, 
while the spiilial relationship of the two phases to each other 
remains. If this relationship is destroyed, as by increase of 
trmprrature above a critical value, then instead of swelling, 
solution iirturs. Besides these analogies between the osmosis 
und the swelling of colloids (as well as between osmotic and 
swelling pressures), cbaractcristic differences also exist between 
tlicm. In the process of swelling, a radical change io state, namely, 
An increase in degree of dispersion takes place. In the osmotic 
pMcesses of inolecuhirl)' ili,*persed systems, the specific surfaces, 

' Wo. IMxahl. r!til»!«T"i .\rvh., loS, s<'3 UVOiJ. 

* Ai^oinling lt> K. S. I.illic the acid nunimum U about oQt-tentfa Uui lovad 1^ 
Wo. ti(i»«lil in M» riprrimrnit i>n *aT]1uig. But Hnic ibc latter m i n i iw i m w 
|ir4rlii->llv Mcnlka) with Uial xJ ibr vuonuty RuxioRim vS <lilulc gdauM solMliona 
u hitinil 11) I', viHi Schi»nlcr tp- lOv) anil afntts fuH.v o-itfa tbc add tBauwMitm 
to* alltkimln >»ltiili«nt (wr II. llamkix-^', KoIL-ZciUckt., 7, i«i, 1910) LOIw^ fifnre 
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etc., of the dispersed particles reittalu constant and only the re- 
lation of number of particles to unit volume changes. But when 
colloid systems are under discussion the processes of swelling 
and osmosis again agree; in fact, the osmosis of colloid solutions 
might well be termed a "swelling of liquids" in contrast to the 
usual swelling of solids. 

In conadering the enormous effect of acids and alkalies on the 
osmotic pressure of colloids one might try to save the classic con- 
ception of osmosis by assuming an increase in the molecular con- 
centration of the albumin particles, caused, say, by hydrolytic 
cleavage. But examination of this idea leads to an exactly 
opposite conclusion, for, as Wo. Pauli^ has emphasized, and as 
St. Burgarsky and L. Lieberraann tirst showed, the observed 
freezing points of mixtures of acid and alkali with albumin are 
not as low as those obtained by adding together the effects which 
albumin and the added substance produce alone. A decrease in 
the molar concentration therefore occurs, either by chemical or 
adsorplive union of albumin with electrolytes. The addition of 
acids and alkalies as emphasized in the discussion of viscosity on 
p. 173 leads to the formation of a larger number of albumin 
ions which are capable of holding more water than the neutral 
albumin particles. The emulsoid properties of the system, 
originally relatively low, are, therefore, greatly increased, as be- 
trayed, for example, by the rise in its internal friction, indiEfer- 
ence toward salt, etc. 

The remarkable effects of concentration and of temperature 
on the osmotic pressure of a colloid wUl some day, no doubt, be 
similarly explained through the changes in the state of the colloid 
produced by them. It need but be recalled that the degree of 
dispersion and the type of the dispersed phase are, at times, 
a function of the concentration and the temperature as discussed 
on p. 35. When the degree of dispersion decreases with rise in 
concentration, as in soap solutions, then the (relative) osmotic 
pressure must decrease. Actually this is found to be true not 
only for soap solutions but also for hemoglobin {see Table 53 
on p. 241). Analogous considerations hold for the effects of 
temperature on the osmotic pressure of different colloid systems. 
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The many and complicated possibilities for great variations in 
behavior, especially among the emulsoids belonging to the number 
of the complex dispersoids, may be foreseen, especially when the 
additional variations which may be introduced through changes 
in the electrical properties are kept in mind. The suspensoids, 
which assume but one form, will show a simpler behavior. That 
this is so is borne out by the observations on dyes of the suspen- 
soid type, as congo red, benzopurpurin, etc., as studied by W. M. 
Bayliss (I.e.), W. Biltz, A. von Vegesack (I.e.) and others. The 
problem of the future is more the problem of analyzing the type 
of these various colloid changes than that of settling whether or 
not the observed peculiarities can be explained on the basis of the 
classic theory of osmosis. 

In a word, then, the osmotic pressure of most colloids is 
by no means only a Junction of the number of particles in the unit 
volume, but varies with the changes in the state of these sys- 
tems, more especially with the changes in the degree of dispersion 
and the type of the dispersed phase. The value of the osmotic 
pressure is therefore a more complex function in the case of 
colloids than in molecularly dispersed systems, and may not off- 
hand be made identical with the latter. In fact it seems im- 
possible, for these reasons, to assign absolute values to the osmotic 
pressure of colloidally dispersed systems. This is true of all 
emulsoid and complex dispersoids, while simpler relations, re- 
sembling those valid for the molecularly dispersed systems, seem 
to exist in the case of suspensoid systems (see the succeeding 
paragraphs). Perhaps future investigators will find it best to 
reserve the concept of osmosis for molecular dispersoids and to 
use another term like hydration (solvation) for the phenomena 
observed in colloid and coarsely dispersed systems. Such a term 
would constantly bring to mind the important difference be- 
tween the two kinds of phenomena. 

8. Determination of the "Molecular Weight" of Colloid Sys- 
tems by Osmotic Means. — As is well known, the molecular weight 
of a dissolved substance may be determined from the osmotic pres- 
sure of a molecularly dispersed solution, by the following fonnula: 



M = (23.4 X 76o)' 



p.To 
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in which M represents the molecular weight sought, 23.4 the 
"normal" osmotic pressure of a gram-molecule of the molecularly 
dispersed substance at 0°, c the concentration (in per cent,), p 
the observed osmotic pressure in mm. of Hg., 7*1, the observed 
absolute temperature, and To, 273°- Since J. H. van't Hoff 
first formulated this law the different investigators who have 
measured the osmotic pressure of colloids have, also, in good 
part tried to deduce therefrom their " molecular weight." Indeed, 
there exist but few publications on the osmotic pressure of colloids 
in which there is not a column devoted to their " molecular weight" 
as calculated from the osmotic pressures. Many examples could 
be given of this. 

The striking thing about these "molecular weights" of colloid 
systems is their great absalule value and their great variability under 
different conditions. The former seems obvious enough in view 
of the low values found for the osmotic pressure of colloids of 
even simple chemical composition. The second, however, accord- 
ing to which the molecular weight varies under different cir- 
cumstances is, strictly speaking, a contradiction in terms, for by 
definition, the molecular weight is a constant. But disparities 
between the molecular weights of substances as deduced from 
osmotic measurements and from analysis, have been observed 
in molecularly dispersed systems also. In other words, the simple 
proportion between osmotic pressure and concentration, as 
demanded by theory, has not always been observed to hold even 
here. Thus W. M. Bayliss (I.e., 1910) cites the fact that the 
molecular weight of alcohol dissolved in benzene rises from 50 
to 208, is quadrupled, in other words, in passing from a con- 
centration of 0.494 per cent, to one of 14.63 per cent. It must be 
left to the students of the molecularly dispersed solutions to inter- 
pret these contradictions between their fundamental equation and 
itj applications. But so far as the colloids are concerned, such a 
■\ilculation of molecular weight from osmotic measurements can 
.lever be attempted with safety because it is wrong in principle. 
Not even the sense of the variations in the osmotic pressure oj colloid 
solutions and their cancefitralion need be the same in all cases. On 
p. 240 it was pointed out that, according to J. Duclaux, the 
osmotic pressure of iron hydroxidesol increases more rapidly than 
its concentration. Thus, while we generally observe an increase 
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in the molecular weight with an increase in concentratioal 
ejcpressed bj' the relatively smaller increase in the osmotic pres- 
sure, in the example just cited we would be dealing with a decrease 
in molecular weight, even to one-tenth the original. The "mo- 
lecular weights" of acid and alkali albumin would even be found 
to yield tomplicated curves with maxima and minima related 
to the concentration of the added electrolytes. In fact, two 
or three entirely different concentrations of acid or alkali would 
be' found in which the molecular weights of the albumin, or its 
combination with an electrolyte, would be the same, thereby 
contrasting with the molecular weights observed in all other 
concentrations. Similarly, salts would affect the " molecular 
weight," making it either rise or fall, depending solely upon the 
concentration of the added electrolyte. Depending upon the 
add or alkaline reaction of the colloid, the "molecular weight" 
of a colloid might be cither raised or lowered on adding a salt. 
With rising temperature, the molecular weight of some colloids 
would be increased, of others decreased. The "molecular 
weight" of a colloid would be changed by shaking or stirring, by 
ageing and by being warmed either slowly or rapidly. These 
illustrations will suffice to demonstrate the impropriety of apply- 
ing the ordinar\' concept of "molecular weight" to colloid solu- 
tions.' It is hard to see how a "constant" which varies between 
several hundred and infinity with concentration alone, as in 
soap solutions, can be of any value in the physico-chemical cbaj- 
acterization of a system. 

In this condemnaUon of the value of "molecular weight" 
determinations of colloidally dissolved substances by osmotic 
methods,' it is not maintained that there may not exist Iransilim 
systems between colloidally and molecularly dispersed systems in 
which there is at least an approximate proportionahty between 
osmotic pressure and concentration, and therefore a proper basts 
lor the calculation of the molecular weight. In fact, W- M. 
Bayliss [I.e.) discovered such a system in congo red, freshly pre- 
pared by the method described above (see also W. Biltz and 
A. von Vegesack, I.e.). This dye when fresh and free from 
electrolytes, is highly dispersed, as evidenced by its ultramicro- 



IS by measuring the \'apor tension, the boiling or freezing points, etc, see p. ni. 
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scopic properties, its considerable osmotic pressure, etc In 
this pure condition a 0.465 per cent, solution yields an osmotic 
pressure of 60 mm. of water. If now, by the formula given above, 
the molecular weight of the pure Congo red is calculated, the 
answer is a value of 90 to 95 per cent, of that obtained by analytical 
methods (696.47). W. Biltz and F. Pfenning obtained simitar 
results. This shows that pure congo red behaves like a tjpical 
molecular dispersoid, at least in its osmotic relations. The 
applicability of the above formula to the determination of the 
molecular weight of this dye is also e\i(lenceil by the direct 
proportionalit>' existing between concentration and pressure, in 

other words, the constancy of the quotient ,., as evidenced in 
Table 49, on p. 339. In cases of this type, and tmiy la such, 
are molecular weight determinations by this method justified. 
Moreover, the considerable electrical conductivit\' of pure congo 
red solutions as studied by \V. Biltz and A. von Vegesack further 
shows that we deal in this case with a molecular dispersoid rather 
than with a colloid, for high conductivity is not characteristic of 
typical colloids. 

9. On the Moleculo-kinetic Theory of Osmosis in Colloid 
Systems. — In vit-w of the successful applications that have been 
made of moleculo-kinetic conceptions to the quantitative study 
of the phenomena of movement exhibited in colloid systems, it 
ly be asked if they may not also be of service in the theory of 
osmotic pressure of these systems. A. Einstein and M. von 
■Smoluchowski' have considered this question. They conclude 
that the osmotic pressures of Iwo equally concenlrakd but diJferenUy 
dispersed phases are inversely proportional to the cubes of the radii 
4/ their particles.* In other words, 

I ^1 _ ('■)' 

i". ('■)■ 

This highly interesting conclusion has not yet been tested 
experimentally. 

It is of interest that the above conclusion was reached on the 
basis of considerations in which it was assumed that the Boyle- 
Gay-Lussac law (direct proportion between pressure and con- 
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centration as well as absolute temperature) was valid. This 
assumption holds, of course, only at great dilutions. The Sved- 
berg' tried to determine indirecUy the validity of the Boyle-Gay- 
Lussac law for colloids. An equation go\'erning local ckaitges in 
the tnolioii of particles showing Browman movement, so Jar as extent 
and frequency are concerned, may be derived from the equation of 
von Smoluchowski (I.e.). A detailed exposition of this second 
equation and the considerations leading to it cannot be given here. 
The Svedberg, however, found highly diluted gold and mercury 
sols to obey it. He concluded, therefore, that the Boyle-Gay- 
Lussac law used in constructing the formula would also have to be 
valid for greatly diluted colloid systems. It is perhaps too early 
to concur entirely in this conclusion, since the number of mathe- 
matical assumptions in the formula is exceedingly great. Be- 
sides, Svedberg's figures (see especially their graphic represen- 
tation on p. 555 of his paper, I.e., 1910) themselves show that 
the law holds strictly only at a transition point, for only in very 
dilute concentrations is there strict agreement between observa- 
tion and theory. Deviations from the rule, and therefore from 
the Boyle-Gay-Lussac law, begin to appear in the case of a 
mercury sol as soon as its concentration amounts to i/e-io"'" 
normal, or about 0.000,000,000,3 P^r cent, by weight. In view of 
the slight practical signilicance of the concentration range over 
which it is valid, the law appears to be an ingenious theoretical 
deduction more than a means of studying quantitatively the de- 
pendence of osmotic pressure in colloid systems on concentration 
and temperature. ^^J 

Addendum : Other Types of Movement in Dispersoidfl'^H 
The phenomena of movement observed in colloid systems 
under the influence of an electric current will be discussed later. 
At this point wc merely wish to mention the phenomena of move- 
ment which occur under the directive influence of heat and light. 
The botanists F. StahP and W. Sachs* observed such directed 
movements in small solid and liquid particles while attempting in 
1876 to determine to what extent the thermal and heliotropic move- 
ments of unicellular organisms (such as zoospores) depended upon 

' The Svedberg i(.c), as well as Zeitachr. f. physik. Chcm,. 73, 547 (i9>o). 

' F. Suhl, BfH. Ztg., 71 J (1876); Verb, d. ph>'s.-incd. Ges. Wuriburg, 14 (1879). 

*W. Sachs, Flora, 341 (1870). See also E. StmsEburger.Jenaiscb. Z. f. Naturr.. 
ij {1878). 
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biological properties and in how far they were merely passive. 
The directive influence of light on the movement of dispersed 
particles was later studied in detail by G. Quincke.' W. R. 
Whitney and C, J. Blake^ have studied such light and heat effects 
on the movement of colloid particles in colloid gold. The directive 
influence of light on crystalUzalioti and sublimation should also be 
mentioned here.^ 

§31. Filtration and Ultrafiltration of Colloid Systems 
I. Filtration of CoUoid Systems. — A property which dis- 
tinguishes colloid solutions from coarse suspensions is the ability 
of the former to pass unchanged through filter paper. It is by 
this means that we recognize the formation of a colloid solution 
when we wash a precipitate with pure water. While typical 
colloids pass through all filter papers, somewhat coarser systems 
begin to be held back by hardened filter papers and by clay and 
porcelain filters as those of Berkefeld, Reichel, Chamberland and 
PukaU. 

The filtrability of a dispersoid depends upon the size, shape and 
rigidity of its particles, upon the filtration pressure and the nature 
of the filter", more especially the size of its pores.* To determine 
the approximate size of the dispersed particles it is therefore well 
to know the average size of the pores of different filters. Such 
determinations, as made by H. Bechhold,* are given in Table 60. 
Table 60.— Size of Pobes dj FitTfias 
(According to H. Bechhold) 



„,„ 


to wslsr) 


po^,^,^^ba.t. 


Ordinary thict filter paper 

FUter puper No. 556 (ScUeicher and SchtlU). . 
Filter paper No. 60 1 (estra hard, Schkicher 
and ScMll), 


3 -a** 


o.i6-o.i7S« 









' G. Quincke, Report Brit. Assoc. Advanc. Science, Glasgow, 60 (1901); Drude'i 
Ann. d. Physik., 7, 701 (goj). 

' W. R. Whitney and J. C. Blake, Joum. Amer, Chem. Soc., 36, 1347 (1904). 

'See the summary of J. M. Kder, Pbotochemie, 3 Aufl., 1J3, itllc, 1906. 

* Detaita regarding this question may be found in the paper of E. Uatschek, 
J. Soc. Chccn. Industry, a?, 538 {1908); also EolL-ZeitSChr., 6, 254 {i9io)i 7i 81 
( 1910). 

' H. Bechhold, Zeitschr. f. phyaik. Chem., 64, 328 (198). 
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The original paper must be consulted for details of the methods 
used by Bechhold in arriving at the assigned values. 

As the table shows, typical colloids, with particles having a 
diameter of less than o.i^, must be just able to pass through the 
filter lowest in the list. But even with pores of this size by- 
effects, known as "adsorption" effects, often appear, due to the 
action of the filter itself upon the dispersed phase. These lead 
to retention of the dispersed phase and so to a clogging of the 
pores of the filter. At other times coagulation processes occur 
due to this surface action of the filter. Whenever any of these 
things take place, filtration cannot, of course, any longer tell us 
anything definitely regarding the size of particles in a dispersoid. 

2. Ultrafiltration of Colloid Systems.— After W. Schmidt> and 
F. Hoppc-Scyler^ found that solutions of albumin and of gum 
became more dilute by being filtered through am'mal membranes, 
C. J. Martin' discovered that cuUoidally dissolved materials could 
be completely separated from their dispersion means by being 
filtered through organic or inorganic gels. To give these a proper 
support he used Chamberland filters and impregnated them 
with gelatine or silicic acid. He could then filter liquids under 30 
to 100 atmospheres of air pressure without breaking the filter. 
By using this method, he was able to separate from the albumin 
a clear fluid containing salt but entirely free of protein. Table 
61 contains the more important of his results. 

Such filtration through gels was next used by French investi- 
gators (Borrel and Manea, 1904; G. Malfitano, 1904; J. Duclaux, 
1905)* to separate the dispersed phase from the dispersion means 
in different organic and inorganic colloids. They usually em- 
ployed coJlodian capsules as filters. 

H. Bechhold' took an important step forward in this problem 
of filtration when in 1906 he discovered the permeability of gets 
to be a funcli'On of their concentration. He found dilute gels to be 

' W. Schmidt. Poggcndorf a Ann., 337 (1856). 

*F. Hoppc-Seyler, Virchow's Arch., 9, 145 (1861). 

' C. J. MarUn, Joum. Physiol,, ao, 364 (i8g6); see also E. W. Reid, ibid , 17, 
161 (1905); A. Craw, ZeiUchr. f. physik. Chem., SJ, 569 (1898); Proc Roy. Soc, 
77. '7i.3't(i8<)9). 

* For the history of Gltration through gels see J. Dudaux, KolI.-ZeitAchr., 3, 
134 (ipog); also H. Bechhotd, ibid., 3, 3^6 (iqoS). 

*H. Bechhold, Z. t. Elektroch., ta, 777 (iQo6)i Eoll.-Zeitschr., i, 107 (1906); 
3) 3 ("S^?); Zeilschr. (. physik. Chem., 60, 23; C1907); 64, 31S (1908). 
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more permeable than more concentrated ones. For details re- 
garding his methods his original publications must be consulted . 

Table 6x. — ^Filtbahon through Clay Cells Iicprbonated with Siuac Acm 

(According to C. J. Martin) 



Imptrmeable to 



Egg albmnin. 
Semm albumin. 
Egg^obuUn. 
Serum globulin. 
Fibrinogen. 



Partially permeable to 



Readily permeable to 



Alkali albumin. All albumoses. 

Add albumin. Urochrome (pigment of 

CarameL urine). 

Biliverdin (bfle pigment) . ; All crystalloids. 

Dextrin. 



Nudeoalbumin. 
Hemo^bin. 

Glycogen. 

Soluble starch. 

Soluble starch (amylodextrin) 



Table 62. — Ultrafiltration 
(According to H. Bechhold) 



Dispersoid 



The disperse phase is held 

back b^ a gelatine Rel of the 

foUowing concentration in 

per cent. 



Remarks 



Platinum sol (Bredig) 


3 


Average size of particles 
about 44/1^ (Zsigmondv) . 


CoQoid iron hydroxide 


2 




Casein (of mflk) 


2.5 




Colloid gold containing so- 


3 


About 40MA«. 


dium lysalbinate (Zsig- 






mondy). 






CoUargol (v. Heiden) 


35 


About 20fin. 


I per cent, hemoglobin solu- 


4 




tion. 






I per cent, gelatine solution.. . 


4 




Serum albumin 


4-4. S 


Molecular weight — 15,000 




down to 3000. 


Protalbumoses. 






Silicic acid 


4.5 
8 




Deutero-albumoses A 


Molecular weight about 






2400. 


Deutero-albumoses B and C 


10 


Traces pass through. 


Dextrin 


10 


Small amounts pass 
through; molecular 




. 


weight about 965. 


All crystalloids 




. . . Pass through. 



L 
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As a rule, he used ordinary filter papers as a foundation, impreg- 
nating them with various gels, as acetic acid-collodion, gelatine- 
formaidehyde, etc. Table 62 gives a survey of his results. 

It is evident that the filter becomes less permeable as the 
concentration of the gel rises. A hardened 10 per cent, gelatine 
filter holds back even molecules of the size of those contained in 
dextrin. A proper series of filters makes it possible to distinguish, 
within the realm of the colloids, between systems of different de- 
grees of dispersion, and these are then found to correspond with a 
differentiation between them made 
on optical grounds. For this reason 
H. Bechhold has named his method 
" Ultrafiltration.'" 

Recently A. Schoep^ has described 
a simple method of ultra&ltratioD, 
in which is eliminated the disadvan- 
tage of having to work with high 
pressures.^ He found that filters of 
different degrees of permeability 
could easily be made by adding to 
collodion solutions different amounts 
of glycerine and castor oil. Dia- 
lyzing capsules may be made from 
- such mixtures by the methods de- 
scribed in the practical introduction 
on p. 10, The dry collodion cap- 
sules become progressively more permeable (within certain limits) 
as the amount of glycerine or castor oil in them is increased. 
Fig. 60 illustrates Schoep's simple method. 

We cannot advantageously discuss the theory of this variable 
permeability of gels of different concentrations until we have 
taken up their general structure. 

In conclusion, it must be mentioned that undesirable by- 
elTects, such as adsorption of the disperse phase by the filter, occur 
in ultrafiltration, also. Ultrafiltration yields dependable results, 
therefore, onl}' if checked up by other methods. 

' .\.Schoep,BuU.Soc. Chim. Belg., lA, 354 (1910): KoU.-Zeitschr., 8(1911). See 
also A. von Lcbedew, Zentralbl. I. Physiol., 33, ;67-, 14,511 (1910). 

■ Emulsoids may be separated from their dispersion means, with Schoep's filter, 
oiily when pressure is used. 
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IS, 229 
Arsenic trisulphide, 220 
Arsenious acid, 103 
Associated liquids, 3, 103 
Avogadro's constant N, 208, 254 



B 



/^Gelatine, 160 

Beer's law, i 

Behavior of electrified sulphur, 69 

Benzopurpurin, 155; osmotic pressure 
of, 237 

Boiling point, 128; of colloids, 130 

Boundaries, 21 

Brownian movement, 186; characteris- 
tics of, 186; independence of, 189; 
measurement of, 192; photogra- 
phy of, 193; rotary motion of, 194; 
uniformity of, 195; velocity of, 195; 



Svedberg's law of) 195; and specific 
surface, 196; and concentration of 
dispersoid, 196; and viscosity, 197, 
198; and temperature, 198; and 
added substances, 199; of rubber, 
200; and electrical charge, 201; 
and gravity, 201; and Stokes' law, 
204; kinetic theory of, 205; and 
molecular weight, 209 



Calcium, colloid, 197 

Capillary analysis, 15, 229 

Capillary phenomena, 7a 

Capillary pressure, 91 

Caramel, 240 

Casein, 142, 265 

Castor oil, 178 

Catalysis, 94 

Cellulose, 176 

Chalk-sacs, 187 

Chamberland filter, 263 

Chemical energy, and specific surface, 

93 
Chemical heterogeneity, 22 

Cinematograph, 193 

Classification, of Zsigmondy, 29, 34; of 

disperse systems, 29, 33 
Closed phase, 25 
Clotting. 40 
Coagulation, 40 
Collodion, 266 
Colloidality, 32 
Colloids, recognition of, i; diffusion of, 

9, 10, 142, 210, 214, 219, 221, 245; 

suspension and emulsion, 12; lyo- 

philic and lyophobic, 13, 51, 52; 

coagulation of, 13, 16; viscosity of, 

13; electrical properties of, 14, 15; 

mutual precipitation of, 16; as dis- 
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CoUoids, cont'd — 

perse helerDgcncous systems, 33; 
specific surface of, iS; charftcter- 
istics of, 39; tbenniil coitficicnt of 
expansion in, 136; molecuJai weight 
of, 14a, 35S; surfuce tension of, 180; 
186; difFuMon coBfii- 
, osmotic pressure of, 
331; filtration of, 163, 265 

Colloid analysb, 3; special, 1^1 outline 
of methods of, i6 

Colloid -cbunical nomenclature, 40 

Colloid ice. 106 

Colloid metals, 31, 197, 207, 255 

Colloid solutions (see also colloids and 
colloid systems), 4; differentiation 
of, from true, 6, 9) optical proper- 
ties of. 6; vapor tension of, 138: 
boiling point of, 130; freeang 
point of, 1311 saturation in, 134. 

Colloid state, 1. 14; and independence 
of chemical composition. 3; theory 
of, 3. !i; concept of. ti, 99; uni- 
versality of, 99 

Colloid systems, reversible and irrever- 
sible, 40; volume and density, 
relations in, 115, 110; concentra^ 
tion-variablc and complex, 136; 
supersa I u ration in, 138; visconty 
of, MS; diulysisof, 323; osmoslsof, 
231 

Complex dispersoids, j6, 136 

Concentration, and disperse systems, 
3S: effects of. 47, 48, 49. 136 

Concentration- variable systems, 3G. 
136 

Condensation, 87; theory of, 88 

Congo red, 139, 155, »6o 

Copper [errocyanide, 240 

Cosmic dust, 43 

Critical mixtures, 37, 83, loj 

Crystal formation, 59, 63 

Crystab, liquid, 63 

Crystalline constitution of colloids, 36 

Crystal Unity, concept of, 56; of colloids, 
S&: theory, 58 

Crystallisation, 36, 63 

Crystalloids, characteristics of, 39, lot 

Cube, increase in surface with dlviaon 



D 



of. 



=7 



Degree of dispersion, 4, id; and difiu- 
sion velocity, 215 

Density and colloids, 124 

Determination of osmotic pressure oi 
colloids, 358 

Dialysis, 10, 3»», 333. 334 

Dialyzers, 214 

Dialixability. 236 

OilTusion, 9; apparatos, to, an; coeffi- 
cients, 214; of colloids, 3IO, 111. 

117; of scrum albumin. 113 

Diffusibility, 3io, sn 

Diminution of surface, 84 

Discontinuity of matter, 96 

Disintegration tension, 81 

Disperse phase (see also disperse sy»- 
terns), 33 

Disperse systems, 34. 33; clostificatim 
"f. 29. 33i4a; ionic 31; of gold, 31; 
concentration- variable, 35; tem- 
perature-variable, 36; complex, 36; 
solid + solid, 43; solid -|- liqdd. 
43; solid + gas, 43; effect of con- 
centration on, 43; energetics o(, 66; 
effects of electrolytes on, 170 

Dispersion, 4, 26, 31, 33, 77 

Dispersion means, 35 

Dispersions, 3t 

Dispersoids (see disperte systems) 

Droplet formation. 86 

Dusi, cosmic, 43 

Djes, surface tension of, 183; dialy* 
sis of, 325 

Dynamic surface tenaon, 67, 165 



Egg-albumin (see also album&O* I4>i 

'45 
Einslein-Smoluchowski formula, serf 
Electrical charge (see also electiolytet) 

and Brownian movement, aoi 
Electrical energy and specific surface, (r 
Electrical fountain, 68 
Electrical heart, 68 
Electrolytes, and viscosity of snqKn- 

soids, 151; and gelatine, 156; and 

colloid difiuuon, 319; and osinatk 

pressure of colloids, 145 



>v: :i\ : :N:n'.\ 



Electroph . rt >:? ; : 

E mulaor. col '. . i ^ f -t * : -r - ^ - . . ■: f 

Emulsior.5. 5 

Emulsc'idf-. 1 2 : ztr:i tl. pr:«pt r:ic> of. 4«: . 
«:4. m: crv>:.il/!r.::v of. :.4: arii 
sufpcuE-i'i'ii^. :i4: \":5-co>:iy cf. 15^:. 
icu, i<fr. 1:4. ::= :*'C.; iV.irabilitv 
of. zi-O 

Energetics of di>pc-r>oivi5. r ■ 

Energj', surface. 74. :r; and f-pecifio sur- 
face, or. 05. 07 

Expan-ive surface ten.-ion. r-S. r-o. 70 



Ferments, 04 

Filter paper, 15; and capillary analysis, 

230, 263 
Filters, 5; ultra, 12, 2(\; 
Filtrability, 263 
FDtration, 5, 263 
Fluid mixtures, critical, 105 
Fluorescence. S 
Foams, iii 
Fog, 43 
Formation, of crystals, 59; of droplets, 

87 
Formula of Gibbs. 1S4; of Einstein- 

Smoluchowski, 206; of Svedbcrg, 

195 
Freezing point, 128; of colloids, 131 



G 



(ias f gas dispersions, 43 

Gas -f liquid dispersions, 43 

Gas -f solid dispersions, 43 

(lelatine, no, 139. 265; viscosity of 154, 

^56» iS9> i6^> 167* '69; ?iurin*.f. 
tension of, 182; osmotic pres4ur«; of, 
236; thermal history of, 242; ar.f', 
acids and alkalies, 169, 245; vj-f-h 
ing of, 247, 256; as filter m^^I, ir-. 
264 

Ci lation, 40 

Gels. 24, 40; permeabiliry o: ?< i 

Gibbs' theorem. r*<4 

Glycogen, 142 

(i'.'ld. 32, 217, 220, 255 

(iravity and Bro'^vnian rrir,\f^.mf'.r.t, >',■ 
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Hi a:, :43» .^".* 
Hcmog^lobin. ."^i. :v- 
nctcr\>i:cnoity. j5, :u :,;. »vjNvpt o: 

chcmioAl an*i ph>>ioaV • • 
Hofnieislcr scrie*. i«^ 
HomogcnciMis liquids, ,; 
Hvdratos, ;o 
Hydn^gols, 41 
Hydrosols, 41 
Hylotropic changes. 3 
Hysteresis. :\\ 



1 



Ice colloids, loO 

Ice cream, no 

Increase of surfatr. 7S 

Jndep(rn<iemT of lirowniiin ninvntii iit, 

I Ho 
Instability of inrchnnirni minpi'iiHimiH, ;, , 

of osmotic preMUtr of (nllnhU, >Vi 
Internal friction (iut viMoidty) 
fonir dis|irrHoidK, ,{t 
Tonic M'rif-H, 16K; mid (iniitotli piiK^'itri' 

of (olloidn, '^40 
Iron hydroxide, a-/H, jjij, ^40, fitf^ 
Iron nitrate, rnpillnry HfinlyRlw of, / •/• 
IvKiolloidfty 4, H, if»3; of WA trr, iff/ 
l'Mt(\i^]U'.ri^t\i\%, 4, ^., f'»>, loy 
ffonierir rorrrponridv, { 
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KirtfJUaUf^tHlth, Iff'. 

K'utf.l'if, >h*-or/ 'iri'l l',r'>r tnAt, n', * 
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INDEX 


^H Light cone of Tyndall, 7, S 


Osmosis (see also osmotic pressure), »3i: 


^^M Liquid crystals, 51 


kinetic theory of, 361 


^^1 Liquid + gas dispersions, ^g 




^H Liquid + liquid dispersions. 4S 


of nighl-blue, 343, I47t >49;of sdft- 


^^M Liquid + solid dispersions, 43 


tine, 245, 250; of albumin, (47, 




24g; and molecular veight, 158 


^^M geneous. 3 


Osmotic pressure of colloids, 144, »it, 


^^M Lyophilic colloids, 13, 32 


249; instability of, 135; and pre- 


^V Lyaphobic colloids, 13, s' 


vious treatment, »3'6; and ifaoking. 




136; and stirring, 237; and time, J37; 


■ 


and concentration, 138; and tem- 




perature, 242; and added sub- 


H Msss law, 141 


stances, 344; and acids and alkalies. 


■ MosLic. 104 


34s; theory of, 333 


^P MasticUed rubber, 177 




^ MatUt. disconUnuiiy of. 06 


P 


Measurement of osmotic pressure of 


colloids, 233 




Mechanical suspcnaoos, 4; instahility 


Particles, size of, 30 


m of. 5 


Peptiaation, 40 


B Membranes, Uquid, S7; osmoUc, 13; 


Permeability of fillers, 363; of gek. 


^P Metameric compuunds, 3 


264 


^ Metastyrol, 3, 104 


Phase rule, 105 


Methods of dialysis, 343; of studjing 


Phases, s*; closed, *s; disperse, jj; 


diffusioa, III 


physical state of. 41 


Microns, ag 


Phosphorus, 104 


Milk. 176, 186 




Minerals, 43 


'93 


Mixtures, critical, 37, 8j, tos 


Physical helerogcnelty, »i 


Molar surface energy, 3 


Platinum, g4, 197, J07 ^^ 


Moleculnr dispersions, 4, 3'tS4; viscos- 


Polydisperse systems, 33, S4. »38 ^^H 


ity of, MS 


Polydispersoids, 35, 54, 138 ^^H 


Molecular weight of colloids, 140, 141, 


Polymeric compounds, 3 ^^^^| 


a$&] and Browniftn movement, jog 


Polysuspensoids, 54 ^^^H 


Moleculo-kinetic theory of osmosis, 261 


Pores filters, i(i3 ^^^H 


Movement in colloids, t86 


Practical introduction, i ^^^^| 




Precipitation, 40 ^^^^H 


N 


Pressure, capillary, 91; omalU^^^I 








^33 ^^^1 


N, (Avogadro's number) 108, 154 


Prism. Nicol, 8 ^^^H 


Nicol prism, 8 


Protective action, j ^B 


Night-blue, 140; viscosity of, 158, 163; 


Proteins, 110, 139, 14a. 155; vucodtjr 


osmotic pressure of, 143, 147, 549 


of, 1S4. 156. 159. i6». »6J. 160; 


Nomenclature, colloid-chemical, 40 


and acids and alkalies, 170; surface 


Normal liquids. 4 




Nucleus, ijS 


osmotic pressure of, 136; thermal 


1 ° 


history of, 142: and acids and alka- 


lies, i6j, ;4j; swelling of, 347. iifc- 


Oa, s, 178 


as lilter medium, 164 ^fl^l 


OpUcal behavior of colloids, 6, 58 


Pukall filter, ^^M 
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m 


Strong coUoidality, 31 ^^| 




Styrol, 104 ^^^H 


Radiant energy, 07 


Submicrons, 19 ^^^H 


Radiu-aclivity, gS 


Sulphur, 60, 104, IDS ^^^1 


Recognition of colloids. 1 


Supersaturated solutions, 3s ^^^H 


Reicbel fillers, 263 






^H 


Rosin. 55, 179 \ 


Surface energy, molar, 3; of first order, ^^H 


Rubber, 177. 1S7, iqi; masticized, 177; 


66, 74; of second order, 67, 74; ^^^H 


Brownian movement in, 200 


and other energies, 71; reciprocal ^^H 


Rule of Gibbs, 184; of Einsldn-Smu- 


elfccts of two kiods of, 79, So ^^H 


luchowski, »o6; of Svcdbeig, 155 


Surface increase, j8 ^^U 


L 


Surface tension. 61; dynamic, 67, iBj; 1 


■ 


static, 67, 185; negative, 68; expan- 1 


W 


Mve, 68; properties of. 69, 70J and 1 


Sacs, diffusion, 10; chalk, 1S7 


specific surface, 76: of colloids, 118; ^^^H 


Salol. 60 


of gelatine, 181; of dyes, 183 ^^H 


Selenium, 104 


Surfaces, it. i?; in colloids. 29 ^^H 


Serum-albumin, viscosity of, 171; diBu- 


Suspension colloids. 11; general prop- ^^^| 


sion of, 231 


eriies of, 49. S4. 1^4; viscosity of ^^H 


Silicic acid, as filter medium, 164 


151 ^^H 


Silver, 7S. "Qo 


Suspensions, mechanical, 4,$; colloid. ^^^| 


Size of particles, 30 


^^M 


Smoke, 43 


Suspensoids (see suspenMoa colloids) ^^H 


S mo luchow ski- Einstein formula, bo6 


Svedberg's law of Brownian movement, ^^^| 


Soap, 143, 137 


195 ^^H 


Solid + gas dispersoids, 43 


Swelling of gelatine, 147, 256 ^^H 


Solid ■+ liquid dispersoids. 43 


Systems, 21; disperse, 34. 32; clasdG- ^^^| 


Solid + solid dispetsoids, 43 


cation of. 19, 33; submolecularly ^^^| 


Sols, 14. 60; alcobol, 41; water, 41; 


di-iperse, 32; supermolecularly dis- ^^^^| 


sulphuric acid, 41 


perse. 33; polydisperse, 35; con- ^^^| 


SoIubUily, of salol. 60; of silver cUo- 


cent ration- variable, 35, 136; tern- ^^^H 


ride, 7S 


peralure- variable. 36; colloid, 40, ^^^| 


Solutions, Iruc, 4, 54; colloid, 4, 6, 9; 


iij, 120; reversible and irrever- ^^H 


molecular-disperse. 4, 6, 9; optical 




behavior of, 6; supersaturated, 33. 


^H 


60; vapor tension of, 118; boiling 


^^1 


point of, 130; frec-ing point of. 


^^^M 


131; saturation in colloid, 134, 136; 


Temperature, and viscosity, 1^4; and ^^H 


Gupersatu ration in colloid, 13S 




Solvates, 38, 54 


142 ^^^1 


Stiei'ial colloid-chemistry, 115 


Tension, surface, 61, 67, 79, 80; dis- ^^^| 


Specific surface, 16, ?), Ql, Ql, 93; of 


iniegralion. Si ^^H 


colloids, 35; eleclrical energy and. 


Theorem of Gibbs, 184 ^^M 


91, 03; chemical energy and, 93; 


Theory of condensalion, 88; of osmotic ^^H 


and Brownian movement, 196 


pressure of colloids, 253 ^^^| 


State, colloid (see also colloid state), 1.. 




14; theory of,3 it; concept of, 99; 


^^^H 




Thermal history. 141 ^^^H 


Stokes' law, 33 


Thorium hydroxidesol, 14a ^^^H 
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